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ABSTRACT
CR7 is the brightest Lyman-α emitter observed at z > 6, which shows very strong
Lyman-α and Heii 1640 A˚ line luminosities, but no metal line emission. Previous stud-
ies suggest that CR7 hosts either young primordial stars with a total stellar mass of
∼ 107M⊙ or a black hole of & 10
6M⊙. Here, we explore different formation scenarios
for CR7 with a semianalytical model, based on the random sampling of dark matter
merger trees. We are unable to reproduce the observational constraints with a primor-
dial stellar source, given our model assumptions, due to the short stellar lifetimes and
the early metal enrichment. Black holes that are the remnants of the first stars are
either not massive enough, or reside in metal-polluted haloes, ruling out this possible
explanation of CR7. Our models instead suggest that direct collapse black holes, which
form in metal-free haloes exposed to large Lyman-Werner fluxes, are more likely the
origin of CR7. However, this result is derived under optimistic assumptions and future
observations are necessary to further constrain the nature of CR7.
Key words: black hole physics – stars: Population III – galaxies: high-redshift –
cosmology: early Universe
1 INTRODUCTION
The first sources of light ushered the Universe out of the cos-
mic dark ages, thus initiating the long history of star and
galaxy formation. In the ΛCDM paradigm of hierarchical
structure formation, the first generation of stars, or Pop-
ulation III (Pop III) stars, were assembled in dark matter
minihaloes of a few times 105M⊙. They later merged to form
more massive haloes of & 107M⊙, which could be the birth-
places of the first galaxies (Bromm & Yoshida 2011). Under-
standing the formation of the first galaxies is of paramount
importance because they constitute the basic building blocks
of present-day galaxies.
The first stars influenced subsequent structure forma-
tion by chemical, radiative and mechanical feedback. They
enriched the Universe with metals, led to the formation of
second-generation Population II (Pop II) stars, and pro-
⋆ E-mail: hartwig@iap.fr
duced energetic photons that contributed to the reionisa-
tion of the Universe. Various theoretical studies suggest that
Pop III stars were more massive than Pop II stars because of
the absence of efficient coolants in the pristine gas (see the
recent reviews by Bromm 2013; Glover 2013; Greif 2015).
Strong nebular emission lines, such as Lyman-α (Lyα ) and
those of Heii , are expected to be present in the gas ionised by
Pop III stars (Tumlinson & Shull 2000; Bromm et al. 2001b;
Oh et al. 2001; Schaerer 2002, 2003). The prime targets to
detect these nebular emission lines are the first galaxies,
which are expected to host both Pop III and Pop II stars.
Large ground based telescopes and the Hubble Space
Telescope (HST) have opened a new window on high red-
shifts. Lyα has emerged as a powerful probe to detect distant
galaxies at z > 5. The search for high redshift galaxies has
intensified over the past few years and candidate galaxies
have now been detected between z = 8− 11 (Bouwens et al.
2011; Ellis et al. 2013; McLeod et al. 2015, 2016). Numerous
galaxies have been detected at z > 6 using both the strong
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Lyα emission and the Lyman break techniques (Ouchi et al.
2008, 2009, 2010; Vanzella et al. 2011; Ono et al. 2012;
Finkelstein et al. 2013; Pentericci et al. 2014; Oesch et al.
2015; Matthee et al. 2015). Recently, Oesch et al. (2016)
even claim the observation of a galaxy at z = 11.1. Al-
though such galaxies have been detected at these redshifts,
the presence of Pop III stars has not been observation-
ally confirmed in any system. On the other hand, detec-
tions of high redshift quasars reveal the existence of super-
massive black holes (SMBHs) of a few billion solar masses
at z > 6 (Fan et al. 2006; Mortlock et al. 2011; Venemans
2015; Wu et al. 2015). Various models have been proposed to
explain the formation of SMBHs which include the growth
of stellar-mass black holes (BHs) as well as so-called ‘di-
rect collapse’ black holes (DCBHs) (Loeb & Rasio 1994;
Bromm & Loeb 2003; Alvarez et al. 2009; Volonteri 2010;
Haiman 2013; Latif et al. 2013a, 2015). Direct observational
constraints on both seed BH masses and the Pop III ini-
tial mass function (IMF) are necessary to understand the
formation of the first galaxies and high redshift quasars.
The recent discovery of strong Heii line emission from
the Lyα emitter CR7 (COSMOS redshift 7) at z = 6.6 by
Sobral et al. (2015) may constitute the first detection of ei-
ther a Pop III star cluster or an accreting seed BH. It is the
most luminous Lyα emitter at z > 6 and has very strong
Lyα and Heii 1640 A˚ emission lines but no metal lines in the
rest-frame UV. Sobral et al. (2015) suggest that CR7 can be
explained by the composite spectra of normal metal-enriched
stars and primordial stars. Deep HST imaging shows that
CR7 is composed of three clumps, A, B, and C. The spec-
tral energy distributions (SEDs) of clumps B and C are best
fitted by an evolved stellar population while clump A has
strong Lyα and Heii 1640 A˚ lines and can be explained ei-
ther by a young primordial stellar population or an accreting
BH. Sobral et al. (2015) find that Pop III stars with an age
of a few Myr and a total stellar mass of ∼ 107M⊙ with a top-
heavy IMF are required to explain such strong emission lines
and Visbal et al. (2016) demonstrate how photoionisation
feedback can promote the formation of metal-free galaxies
at lower redshift. The required stellar mass in Pop III stars is
degenerate with the uncertain IMF and the required stellar
mass might even be higher. The possibility that CR7 hosts
a BH has also been discussed in Sobral et al. (2015).
Pallottini et al. (2015) have proposed that the strong
Lyα and Heii 1640 A˚ line emission in CR7 can be explained
by either a < 2Myr old Pop III stellar cluster of ∼ 107M⊙
with a top-heavy IMF or an ∼ 105M⊙ BH formed at
z = 7.3. Agarwal et al. (2016a), Dijkstra et al. (2016), and
Smidt et al. (2016) have also shown that the observations
can be explained by an ∼ 106 − 107M⊙ BH in the progen-
itor haloes of CR7. But neither of their studies have shown
how such a large reservoir of metal-free gas can exist at
z = 6.6 in clump A, which is required both for the forma-
tion of a young metal-free Pop III stellar cluster or a DCBH
(although see Fumagalli et al. 2011). More observations are
required to find how common are sources like CR7 at such
redshifts and under what conditions can they form. In ad-
dition to these further observations, a self-consistent model,
which takes into account both in-situ star formation and
metal enrichment, is required to better understand the as-
sembly history and nature of CR7.
In this paper, we use a semianalytical model to exam-
ine the nature of CR7 and its assembly history. The model
includes recipes for Pop III and Pop II star formation as
well as a self-consistent treatment of metal enrichment. We
consider a range of halo masses, star formation efficiencies
and IMFs with a sufficient number of realisations to obtain
statistically sound results. We investigate the possibility of
a massive BH forming from either a Pop III remnant or
a DCBH. The results suggest that our model of Pop III
star formation, with Pop III stars being less massive than
300M⊙, cannot reproduce the observed Lyα and Heii line
luminosities and that a DCBH likely powers CR7. In Sec-
tion 2 we review the observational constraints on CR7. We
present our model in Section 3 and our results in Section
4. We discuss the caveats of our approach in Section 5 and
conclude in Section 6.
2 OBSERVATIONAL CONSTRAINTS
CR7, the brightest Lyα emitter at z > 6, was first classi-
fied as an unreliable high redshift candidate (Bowler et al.
2012) and as a brown dwarf candidate in the Milky Way
(Ilbert et al. 2013). It was then found as a Lyα emitter can-
didate at z = 6.6 by Matthee et al. (2015) and spectro-
scopically confirmed by Sobral et al. (2015). This spectro-
scopic follow-up revealed strong Lyα and Heii 1640 A˚ lines
with luminosities of LLyα = (8.5 ± 1.0) × 10
43 erg s−1 and
LHeII = (2.0 ± 0.8) × 10
43erg s−1. These observed luminosi-
ties imply a line ratio of Heii /Lyα≈ 0.23 or a ratio of
Q(He+)/Q(H) ≈ 0.42 for ionising photon emission rates.
This line ratio corresponds to a very hard spectrum with
an effective temperature of Teff > 10
5K, and even Pop III
stars with a mass of 1000M⊙ only have Q(He
+)/Q(H) ≈ 0.1
(Schaerer 2002).
One possible explanation for this extreme ratio is that
a fraction of the Lyαphotons was not observed due to
trapping in the IGM or dust absorption (Dijkstra et al.
2006, 2007; Dijkstra & Wyithe 2010; Zheng et al. 2010;
Latif et al. 2011b,a; Smith et al. 2015a, 2016; Matthee et al.
2016). By post-processing cosmological hydrodynamic sim-
ulations with a multiwavelength radiative transfer scheme,
Laursen et al. (2009) and Yajima et al. (2014) find that the
escape fraction of Lyα photons can be as low as ∼ 10%,
with the exact value depending on specific properties such
as mass, star formation, dust content, or metallicity. They
also show that Lyα photons do not escape isotropically, but
the flux generally depends on the direction (Dijkstra et al.
2006). Consequently, the observed Lyα luminosity is only a
lower limit to the actual luminosity and the line ratio of
Heii/Lyα should hence be treated with caution.
In Table 1, we list line luminosities and Heii/Lyα ratios
for 1 − 1000M⊙ Pop III stars. The line ratios of a primor-
dial stellar population in this mass range are much smaller
than the one observed for CR7. The Lyα luminosity can be
reduced by trapping or absorption, but we still have to ac-
count for the very high Heii luminosity. Put differently, we
have to explain a system with LLyα > 8.32 × 10
43 erg s−1
and LHeII = 1.95 × 10
43erg s−1. We will focus on the
Heii luminosity, which is more difficult to explain in the con-
text of early structure formation, because if a primordial
stellar population fulfils the Heii constraint, it automatically
satisfies the Lyα constraint.
c© 2016 RAS, MNRAS 000, 1–21
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M∗(M⊙) LLyα(erg s
−1) LHeII(erg s
−1) LHeII/LLyα
1 2.1× 1028 4.8× 1013 2.4× 10−15
10 4.3× 1036 4.4× 1030 1.0× 10−6
100 1.1× 1039 1.8× 1037 1.6× 10−2
1000 1.6× 1040 3.7× 1038 2.3× 10−2
Table 1. Line luminosities for single, non-rotating Pop III stars,
averaged over their lifetimes with no mass loss (Schaerer 2002).
We extrapolate and interpolate linearly between the originally
tabulated values. The model assumes an electron temperature,
Te, and density, ne, of 30000 K and 100 cm−3, which are typical
values for gas around the first stars. Decreasing the electron tem-
perature to Te = 10000K would increase the Heii line luminosity
by at most ∼ 10%. The luminosities are a very steep function of
mass, and the line ratio of Heii / Lyα is . 0.02 for the considered
primordial stellar populations.
The rate of ionising photons per stellar baryon for
metal-free stars in the mass range 300− 1000M⊙ is almost
constant (Bromm et al. 2001b). In this mass range, mod-
els suggest that Pop III stars have an effective temperature
of ∼ 100 kK (Bromm et al. 2001b; Schaerer 2002) and we
also see from Table 1 that the hardness of the spectrum,
quantified by Heii/ Lyα , does not change significantly in
the mass range 100 − 1000M⊙. Since the binary properties
and the initial rotational velocities of Pop III stars are not
well known (Stacy et al. 2012, 2016), we use stellar models
of single, non-rotating stars. Rotation and binary evolution
might however have an influence on the evolution of massive,
metal-free stars and can change their stellar lifetime, spec-
trum, final fate, or the remnant masses (Ekstro¨m et al. 2008;
de Mink et al. 2013). In Hartwig et al. (2015b) we have in-
vestigated the effect of rapidly rotating Pop III stars in our
semi-analytical model and did not find a significant influence
on the star formation or metal enrichment.
The FWHM line widths of these lines are (266 ±
15) km s−1 for Lyα and (130 ± 30) km s−1 for Heii . Other
strong radiative sources such as Wolf-Rayet stars or active
galactic nuclei (AGN) generally produce broader lines with
FWHM & 103 km s−1 (Brinchmann et al. 2008). Recently,
Smidt et al. (2016) demonstrate by post-processing cosmo-
logical simulations with a radiative transfer code that a mas-
sive BH of∼ 107M⊙ accreting at 25% of the Eddington limit
yields a line width for Lyα that is in good agreement with the
observation and a line width of ∼ 210 kms−1 for Heii , which
is slightly above the observed value. Smith et al. (2016) show
with a one-dimensional radiation-hydrodynamics simulation
that the observed 160km s−1 velocity offset between the
Lyα and Heii line peaks is more likely to be produced by an
accreting BH than by a stellar population with an effective
temperature of 105K. Such a stellar population might ionise
its environment too efficiently and can account neither for
the velocity offset, nor for the spatial extension of ∼ 16 kpc
of the Lyα emitting region. The UV slope of β = −2.3±0.08
can not be used to distinguish between different models,
since both a young metal-free stellar population and an ac-
creting BH yield a blue UV slope in this frequency range
(Dijkstra et al. 2016).
Another striking feature of CR7 is the absence of metal
lines with upper limits of, e.g., Heii/Oiii]1663A˚ > 3 and
Heii/Ciii]1908A˚ > 2.5. This does not mean that there are
no metals at all, just that the Heii line dominates and hence
normal stellar populations are excluded as the only expla-
nation, since they would produce Heii /Oiii]1663A˚ . 0.3,
Heii/Ciii]1908A˚ . 0.3 (Gutkin et al. 2016). These upper
limits for the metal recombination lines also set the abso-
lute metallicity of the gas (see Section 3.5). Due to the above
constraints, the main source of ionising photons in CR7 has
to be embedded in gas with a low metallicity.
The observed equivalent widths are EWLyα > 230 A˚ and
EWHeII = (80± 20) A˚. The EW of Lyα is only a lower limit
(since no UV continuum is detected) and has consequently
no strong constraining power, because both a young stellar
population and an accreting BH can yield an LyαEW of
> 230 A˚ (Shields & Ferland 1993; Malhotra & Rhoads 2002;
Schaerer 2003). Also Dijkstra et al. (2016) do not use this
observational constraint in their spectral fit since it does not
yield any additional information. However, the large EW of
Heii can be used to confine the age and ambient metallic-
ity of a potential Pop III stellar population. A comparison
to the very detailed stellar evolutionary synthesis models of
Schaerer (2003) and Raiter et al. (2010) yields a metallicity
of < 10−7 and a very recent starburst of < 1Myr in order
for the models to be consistent with the EW of Heii . Unfor-
tunately, there is not such a sophisticated model with the
required parameter dependences for the EWs of an AGN
spectrum. Moreover, the determination of the HeiiEW for
an AGN spectrum would require the modelling of the un-
derlying continuum. This is problematic because the AGN
and stellar continuum overlap at these wavelengths and they
are degenerate without knowing the respective luminosities
(Stark et al. 2015). The detailed modelling of this problem
is beyond the scope of the paper.
HST observations show that CR7 is composed of three
clumps with a projected separation of ∼ 5 kpc, with one
clump hosting a young, blue stellar population and the other
clumps hosting older, red populations. This might be ev-
idence for an ongoing merger, which makes it even more
important to take the merger history of this system into
account. Sobral et al. (2015) find that the best-fitting SED
model is a combination of an older 1.6 × 1010M⊙, 0.2 Z⊙
population with an age of 360Myr and a metal-free popula-
tion with a top-heavy IMF, a total stellar mass of ∼ 107M⊙
and an age of a few Myr. However, a radiation source with
a lifetime of at least 10− 100Myr is required to account for
the spatial extent of the Lyα emitting region (Smith et al.
2016), which favours an accreting BH over a young, metal-
free stellar population.
3 METHODOLOGY
We use a semianalytical model that is based on the work
of Hartwig et al. (2015b) and enables us to efficiently test
a large parameter space with high mass resolution. In this
section, we present the code and introduce the techniques
we use to explore the nature of CR7.
c© 2016 RAS, MNRAS 000, 1–21
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3.1 Our basic model
3.1.1 Cosmological context
According to the hierarchical scenario of structure for-
mation, haloes merge over time to form larger struc-
tures. The distribution of halo masses as a function of
redshift can be described analytically by the model of
Press & Schechter (1974). Based on this idea, Bond et al.
(1991) and Lacey & Cole (1993) developed methods to con-
struct assembly histories of individual haloes that allow
the construction of dark matter merger trees. Our code
is based on the merger tree algorithm by Parkinson et al.
(2008), which generates dark matter merger trees with ar-
bitrary mass resolution. We use a resolution mass of Mres =
2.5 × 105M⊙ for the merger tree, which is sufficient to re-
solve all haloes for the redshifts of interest. We assume a flat
ΛCDM Universe and use the Planck Collaboration (2015)
cosmological parameters, most importantly the new optical
depth to Thompson scattering τe = 0.066 ± 0.016, which
is significantly lower than τe = 0.0907 ± 0.0102 from their
previous release (Planck Collaboration 2014).
3.1.2 Halo mass
As a starting point to constructing the merger tree back-
wards in cosmic time, we need an approximation for the halo
mass of CR7 at z = 6.6. We use the value of 1.6× 1010M⊙
proposed by Sobral et al. (2015) as a fiducial total stellar
mass for our model. This mass has been derived with SED
fitting under the assumption that CR7 hosts a normal stel-
lar population, although this might not be the case. This
simplifying assumption might lead to errors of a factor of
a few in the estimation of the total stellar mass. Moreover,
estimates of stellar mass based on SED fitting are subject to
uncertainties related to degeneracies between several stellar
population parameters (star formation rate (SFR), metal-
licity, IMF, rotation, binarity).
To determine the halo mass for a given stellar mass we
use the model by Behroozi et al. (2013), who constrain SFRs
and histories as a function of halo mass up to z = 8 from
observations of the stellar mass function, the cosmic SFR,
and the specific SFR. For a stellar mass of 1.6× 1010M⊙ it
yields a halo mass of
Mh = (1.2± 0.2) × 10
12M⊙, (1)
where the uncertainty represents the cosmological scatter.
This is close to the assumed value of Mh = 10
12M⊙ in
Agarwal et al. (2016a). We use this as a fiducial mass in our
model, but also test other halo masses to check the depen-
dence of the results on this very uncertain parameter.
3.1.3 Star formation
For each merger tree, we model the formation of Pop III
stars and subsequent stellar populations. For a halo to be
able to form Pop III stars, it has to fulfil four criteria. First,
the halo has to be metal-free and not be polluted by in-
situ star formation from progenitors or enriched externally
by supernovae (we test the effect of a critical metallicity
threshold in Section 4.1). Moreover, the halo has to be above
the critical mass
Mcrit = 3× 10
5
(
Tcrit
2.2× 103K
)3/2 (
1 + z
10
)−3/2
M⊙ (2)
to enable the primordial gas to cool efficiently and trigger
star formation, where we have normalised the critical tem-
perature to the value found in cosmological smoothed par-
ticle hydrodynamics simulations of Hummel et al. (2012).
Furthermore, mergers dynamically heat the gas and can de-
lay Pop III star formation. Hence, the mass growth rate of
a certain halo has to be below
dM
dz
. 3.3× 106M⊙
(
M
106M⊙
)3.9
(3)
to enable primordial star formation (Yoshida et al. 2003),
or otherwise star formation is delayed. Finally, Lyman-
Werner (LW) photons can also delay or even prevent the
collapse of primordial gas by photodissociating H2. Follow-
ing Machacek et al. (2001), the fraction of the total gas mass
that cools and collapses under the influence of a LW back-
ground is
fLW = 0.06 ln
(
Mhalo/M⊙
1.25× 105 + 8.7 × 105F 0.47LW
)
, (4)
where FLW is the LW flux in units of 10
−21erg s−1cm−2Hz−1.
Primordial star formation is suppressed if fLW falls below
zero.
Once we have identified a Pop III star-forming halo,
we assign individual stars to it whose masses are randomly
sampled from a logarithmically flat IMF between Mmin
and Mmax. The shape of the IMF is motivated by numer-
ical simulations that predict a relatively flat mass distri-
bution that is dominated by high-mass stars (Clark et al.
2011; Greif et al. 2011; Susa et al. 2014; Hirano et al. 2014;
Hosokawa et al. 2016) and the total stellar mass in a halo
with virial mass Mvir is
M∗ = ηfLW
Ωb
Ωm
Mvir, (5)
where η is the star formation efficiency (SFE) parameter for
primordial star formation.
We use spectra tabulated by Schaerer (2002, 2003) to
determine the number of ionizing and LW photons and the
Lyα and Heii line luminosities for each Pop III star individu-
ally as a function of its mass. Lifetimes for the stars are also
taken from Schaerer (2002, 2003). The associated line lumi-
nosities for Pop III stars are listed in Table 1. We adopt lumi-
nosities averaged over the stellar lifetime, which are smaller
than the zero-age main sequence luminosities by a factor of
a few. This might be relevant for a recent burst in Pop III
stars but does not change our final conclusions.
We model the formation of subsequent generations of
stars (Pop II) from the observed cosmic star formation his-
tory at high redshift and account for their chemical and
radiative feedback (ionising and LW photons). We take cos-
mic SFRs from Behroozi & Silk (2015), extrapolate them to
z > 15 and set them to zero for z > 30.
3.1.4 Escape fractions
For the escape fraction of ionising radiation we use fesc,III =
0.5 for Pop III star-forming haloes and fesc = 0.1 for later
c© 2016 RAS, MNRAS 000, 1–21
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generations of stars in more massive haloes. Generally, the
escape fraction depends on the halo mass, redshift and the
stellar physics (Paardekooper et al. 2013; Trebitsch et al.
2015), but we use these average values for our simplified
model, which are in good agreement with previous stud-
ies (Johnson et al. 2009; Finkelstein et al. 2012; Wise et al.
2014; Xu et al. 2016b). A higher escape fraction of ionis-
ing radiation would lead to a lower SFE, which only weakly
affects the final results as we show in Section 4.2.
Escape fractions for LW photons are taken from
Schauer et al. (2015), who find that they are a function of
both halo and Pop III star mass. The escape fraction is
dominated by the most massive star in each halo, which
first ionises the surrounding gas. Hence, we use the escape
fraction values in the far field approximation for the most
massive star in each halo.
3.1.5 Metal enrichment and critical metallicity
After its lifetime and depending on its mass, a Pop III star
explodes in a supernova (SN) and pollutes its environment
with metals. We use metal yields from Heger & Woosley
(2010) and assume a Sedov-Taylor expansion of the enriched
volume. By summing the volumes of these SN remnants
in all haloes, we calculate the time-dependent fraction of
the total volume that is already polluted. Once a new halo
forms, we check statistically whether it is already metal-
enriched or still pristine. A key assumption of this model is
that the SN remnant is still in the Sedov-Taylor phase when
it breaks out of its host halo. This is valid for minihaloes,
as the Hii region expansion has already cleared most of the
gas from the halo (Whalen et al. 2004; Kitayama et al. 2004;
Alvarez et al. 2006; Abel et al. 2007). For later generations
of stars in more massive haloes, we assume that they do not
contribute to the pollution of the IGM by metals (although
see Mac Low & Ferrara 1999).
In principle, a halo can host several Pop III SNe and
their metal-enriched remnants can overlap. Since the expan-
sion of the enriched gas is mainly dominated by the most
massive (and consequently first) SN to go off (Ritter et al.
2015), we only account for the expansion of the SN of the
most massive progenitor per halo. This approximation is
valid, as long as there are not too many highly energetic
SNe in one halo, which is generally not the case in our mod-
els.
We are not only interested in whether a halo is polluted
by metals, but also in the metallicity of the polluted gas.
This information enables us to allow Pop III star forma-
tion not only in pristine gas but also below a certain critical
metallicity Zcrit. Due to the lack of spatial information in
the merger tree, we use the approximation that all metals
are deposited in the outer shell of the expanding SN. Hence,
we calculate a metal surface density (Σm(t)) for each SN ex-
plosion that decreases as the SN expands, and we construct
a time dependent probability distribution for these surface
densities. When we find that a halo is polluted with metals,
we randomly draw a Σm(t) from the probability distribution
and determine the mass of the metals with which the newly
formed halo is polluted from Mm = Σm(t)πR
2
vir, where Rvir
is its virial radius. Assuming that these metals mix homoge-
neously with the gas, we calculate its metallicity as follows:
Z =
Mm
0.02Mvir Ωb/Ωm
, (6)
which yields 10−6 . Z . 10−2 for external metal enrich-
ment by SNe. The accretion and inflows of pristine gas on
to the halos are taken into account self-consistently due to
the smooth accretion of gas below the resolution limit of the
merger tree. Note that from this point forward we state all
metallicities in units of the solar metallicity, Z⊙.
3.1.6 SFEs based on merger history
As an alternative to a constant SFE, we include another
recipe for star formation based on the merger history of
the haloes. It has been shown that mergers can enhance
star formation because of tidal torques, which allow the effi-
cient transport of gas to the centre of the galaxies where the
dense gas can cool and form stars (e.g., Sanders & Mirabel
1996; Cox et al. 2008). This is further supported by ob-
servations, which show a negative correlation between star
formation indicators and the projected distance of galaxies
(Barton et al. 2000; Lambas et al. 2003; Smith et al. 2007).
To account for this effect, we use the model of Cox et al.
(2008) to determine the SFR. Cox et al. (2008) study the
effect of the galaxy mass ratio on merger-driven starbursts
with numerical simulations for typical galaxies in the local
Universe. For disc galaxies with halo masses in the range
(0.5− 11.6)× 1011 M⊙, the burst efficiency is best described
by a fit of the form
ηburst = ǫ1:1
(
Msat
Mprimary
)α
, (7)
where ǫ1:1 is the burst efficiency for equal mass mergers,
Msat is the mass of the satellite and Mprimary the mass of
the primary. The stellar mass per halo is then
M∗ = ηburst
Ωb
Ωm
Mvir. (8)
For the local Universe and specified mass range, they pro-
pose values of ǫ1:1 = 0.55 and α = 0.69. Applying these
values to higher redshifts and less massive haloes leads to
drastic overestimates of SFRs and premature reionisation
(τe = 0.287). ǫ1:1 depends more strongly on the absolute
mass of the galaxies than α, so we treat it as a free param-
eter to match the reionisation history of the Universe and
keep α constant.
3.1.7 Sampling the halo mass function and calibrating
SFEs
To determine the star formation efficiencies η and ǫ1:1 we
calibrate them against τe, which is a measure of the inte-
grated ionisation history of the Universe. The optical depth
is very sensitive to the number of ionising photons in the
early Universe and can therefore be used to calibrate the
SFE. To do so, we sample the halo mass function at z = 6.6
from 108 − 1013M⊙ and weight the number of ionising pho-
tons from a given halo by the number density of haloes of
this mass at that redshift. This yields a cosmologically rep-
resentative sample, since haloes with masses below 108M⊙
at z = 6.6 hardly produce any ionising photons and haloes
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label Mmin Mmax SFE Zcrit
fiducial 3M⊙ 300M⊙ Eq. 5, η = 0.14 0
1→100 1M⊙ 100M⊙ Eq. 5, η = 0.20 0
Zcrit 3M⊙ 300M⊙ Eq. 5, η = 0.12 10
−3.5
merger 3M⊙ 300M⊙ Eq. 8, ǫ1:1 = 4× 10−3 0
Table 2. Overview of the four models we use for primordial star
formation. The fiducial model assumes an IMF from 3− 300M⊙
and only pristine gas can form Pop III stars. In the second model,
we change the IMF to slightly lower masses from 1 − 100M⊙.
The third model allows Pop III star formation up to a metallicity
of Zcrit = 10
−3.5. In the last model, we determine the stellar
mass per halo based on the merger history. In all the models,
we calibrate the SFE to reproduce the optical depth to Thomson
scattering.
above 1013M⊙ are very rare at this redshift. For more de-
tails and a thorough comparison to analytical models of the
halo mass function see Magg et al. (2016).
For 11 equally distributed halo masses in this range we
generate 100 merger trees, which yield a statistically repre-
sentative number of realisations. We then calculate τe from
the ionisation history of these haloes. We chose the SFE
accordingly, to match the observed value of τe = 0.066.
Reionisation is mainly driven by Pop II stars, but we also
need the contribution by primordial stars. We do not ac-
count for other sources in the total ionising budget in the
early Universe, such as quasars (e.g., Volonteri & Gnedin
2009; Madau & Haardt 2015) or high-mass X-ray binaries,
and the uncertainty in τe might yield different SFEs. How-
ever, we demonstrate in Section 4.2 that a different SFE has
no influence on metal enrichment or our final conclusions.
For this implementation of the halo mass function and
100 randomly generated merger trees we probe a cosmolog-
ically representative volume of ∼ 106Mpc−3. This is statis-
tically sufficient for most of our purposes, but might be too
small to probe certain rare scenarios of SMBH seed forma-
tion (see Section 3.4).
3.2 Models of Pop III star formation
We model the star formation history of CR7, focusing on
the primordial stellar component, with our semianalyti-
cal code. To investigate the possibility of having 107M⊙
of Pop III stars at z = 6.6 and the corresponding high
Heii line luminosity and EW we test several models of pri-
mordial star formation, which are summarised in Table 2.
For the ‘fiducial’ model we assume a logarithmically flat
IMF from Mmin = 3M⊙ to Mmax = 300M⊙ and an SFE
η = 0.14, which yields an optical depth τe = 0.067. The
mass range of the IMF is consistent with recent simula-
tions (Greif et al. 2011; Susa et al. 2014; Hirano et al. 2014;
Hosokawa et al. 2016) and it covers all possible stellar rem-
nants relevant to our model. In a second model, which we
label ‘1→100’, we assume a lower-mass IMF from Mmin =
1M⊙ to Mmax = 100M⊙, motivated by recent simulations
of primordial star formation (Clark et al. 2011; Stacy et al.
2012; Dopcke et al. 2013; Hartwig et al. 2015a; Stacy et al.
2016), which manifest disc fragmentation and hence lower-
mass Pop III stars. This model should illustrate the effects
of a different mass range of primordial stars, since the ac-
tual values are not well constrained. In this second model,
we adopt η = 0.20 which results in τe = 0.066.
The main difference between primordial and later gen-
erations of star formation is the ability of the gas to cool ef-
ficiently. Metal lines can cool the gas to lower temperatures
than cooling by molecular hydrogen, which is the most ef-
ficient coolant in primordial gas. Hence, the Jeans mass in
metal enriched gas is smaller than in primordial gas and the
cloud consequently fragments into more and smaller clumps,
which then collapse to form protostars. So far we assumed
that Pop III stars form from pristine gas with a top-heavy
IMF, but several studies show that even with trace amount
of metals a top-heavy IMF is possible (Bromm et al. 2001a;
Schneider et al. 2002, 2012; Frebel et al. 2007; Dopcke et al.
2013; Safranek-Shrader et al. 2014).
Consequently, in the third scenario, named ‘Zcrit’, we
assume that Pop III stars form with a top-heavy IMF out
of metal enriched gas with a metallicity of Z < Zcrit with
Zcrit = 10
−3.5. Although dust cooling can yield a lower
Zcrit (Schneider et al. 2012; Dopcke et al. 2013), we adopt
this value as a conservative upper limit. We use a flat IMF
from Mmin = 3M⊙ to Mmin = 300M⊙. The effective tem-
perature is lower for a metal enriched star than for a pri-
mordial star of the same mass so its spectrum is softer
(Bromm et al. 2001b). The LW and Lyα luminosities are
only weakly affected but the Heii line luminosity is gener-
ally smaller for 0 < Z . Zcrit compared to the metal-free
case (Cojazzi et al. 2000; Schaerer 2003). On average, it is
smaller by a factor of ∼ 10, but the exact value depends
on the treatment of stellar winds and metallicity. Due to
this uncertainty, we will still use the line luminosities for
the metal-free case but keep in mind that this yields a strict
upper limit for the Heii line. We also verified that the final
results are insensitive to the choice of Zcrit. This is in agree-
ment with Latif et al. (2016), who show that the fraction of
haloes that are enriched up to a certain metallicity is only a
weak function of the actual metallicity for 10−6 < Z < 10−4.
An SFE η = 0.12 yields an optical depth τe = 0.068.
In the fourth model, which we label ‘merger’, we couple
the star formation to the merger history based on equation
8 with ǫ1:1 = 4× 10
−3. For mergers with a mass ratio below
0.2, we set ǫ1:1 = 10
−5, which allows about one star to form
per halo. The IMF extends from Mmin = 3M⊙ to Mmin =
300M⊙ and only pristine gas can form Pop III stars. We use
radiative feedback in this model only to check if a minihalo
can collapse in a given LW background, but we do not use
this value to determine the final mass in Pop III stars as
we do in the other models. We obtain an optical depth of
τe = 0.067 with this model.
One should keep in mind that our understanding of
primordial star formation is still quite incomplete and un-
certain due to the lack of any direct observations. We try
to overcome this uncertainty by implementing different sce-
narios of Pop III star formation that cover the most likely
theories about the formation of the first stars. We have also
tested other parameters, such as a primordial IMF extending
to masses above 300M⊙ (see Section 4.1), but since these re-
sults deviate even further from the observational constraints
of CR7, we do not explicitly discuss them here.
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3.3 Pop III remnant black hole
We also investigate the possibility that CR7 hosts a massive
BH. Pallottini et al. (2015) show that a BH with an initial
mass of ∼ 105M⊙ embedded in a halo of total gas mass
107M⊙ can account for the observed line luminosities about
100Myr after formation. This result was derived by cou-
pling a 1D radiation-hydrodynamic code (Pacucci & Ferrara
2015) to the spectral synthesis code cloudy (Ferland et al.
2013) as described in detail in Pacucci et al. (2015). Af-
ter ∼ 100Myr the gas in the halo is depleted and the
Heii luminosity decreases. Generally it is possible to ob-
tain the necessary fluxes at later times if the reservoir of
metal-poor gas is large enough. First, we explore the forma-
tion scenario in which massive BHs grow from Pop III stel-
lar remnants (Madau & Rees 2001; Haiman & Loeb 2001;
Volonteri et al. 2003; Whalen & Fryer 2012).
The final fate of a star depends mainly on its mass.
Pop III stars with masses of 25M⊙ 6 M∗ 6 140M⊙ or
with M∗ > 260M⊙ collapse to BHs, although the exact
ranges depend on rotation and magnetic field strengths
(Karlsson et al. 2013). 140− 260M⊙ Pop III stars are com-
pletely disrupted in pair instability SNe that leave no rem-
nant behind. Primordial stars that directly collapse to a BH
do not pollute their host halo with metals. This is an im-
portant characteristic of primordial stars, which facilitates
having an accreting BH in a metal-free environment.
We trace the formation of Pop III remnant BHs in the
assembly history of CR7 and merge the BHs if the mass
ratio of a merger of two galaxies is > 0.1 (Taffoni et al.
2003; Volonteri et al. 2003; Van Wassenhove et al. 2014).
For smaller mass ratios, we only follow the growth of the
more massive BH. The rate at which Pop III remnant BHs
grow by accretion is a subject of ongoing debate and de-
pends on the gas supply, the depth of the gravitational po-
tential well of the halo, the merger history, and the radia-
tive feedback (Milosavljevic´ et al. 2009a,b; Park & Ricotti
2011, 2012; Whalen & Fryer 2012; Park & Ricotti 2013;
Pacucci et al. 2015). Existing simulations have indicated
that accretion on to stellar-mass Pop III remnants may be
substantially suppressed, due to radiation-hydrodynamical
feedback (Johnson et al. 2007; Milosavljevic´ et al. 2009a,b;
Jeon et al. 2012, 2014). Hence, we do not take gas accre-
tion into account and note that the derived values of the
BH masses are a strict lower limit. We discuss the issue of
gas accretion on to Pop III remnant BHs in more detail in
Section 5.
3.4 Direct collapse black hole
As a second scenario of massive BH formation we study
the direct collapse model, in which a ∼ 105M⊙ seed BH
is formed as a consequence of rapid isothermal collapse
(Bromm & Loeb 2003; Begelman et al. 2006; Latif et al.
2013a; Shlosman et al. 2016). In this picture, a sufficiently
strong LW background photodissociates molecular hydro-
gen, which otherwise triggers Pop III star formation in 105
- 107M⊙ haloes. Without cooling by H2, a minihalo can
grow until it reaches a virial temperature of ∼ 104K, when
atomic hydrogen cooling becomes efficient. If the LW flux is
above a critical value, Jcrit, the gas collapses isothermally at
very high central infall rates that form a supermassive star,
which then collapses to a BH. We check if a halo is metal-free
and if its virial temperature is above 104K, which implies a
minimum halo mass of (Glover 2013)
Matom = 4.5 × 10
7M⊙
(
z + 1
11
)−3/2
. (9)
To compute the LW flux, we adopt the model of
Dijkstra et al. (2014) and Habouzit et al. (2016). We as-
sume that the flux is provided by one nearby star-forming
halo, for which the LW luminosity is
LLW = 10
47hν¯ s−1
M∗
M⊙
(
1 +
t6
4
)−3/2
exp
(
−
t6
300
)
, (10)
where hν¯ = 2× 10−11 erg is the mean energy of a LW pho-
ton, M∗ is the stellar mass of the halo, and t6 is the time in
Myr after the initial starburst. Here, we assume that 5% of
the gas in the halo turns into stars, which is in agreement
with the model by Behroozi & Silk (2015) for the redshifts
and halo masses of interest. The collapse time of the atomic
cooling halo is approximately 10Myr (Visbal et al. 2014),
which is equal to the minimum time for which a LW flux
> Jcrit is required. Since the production of LW photons de-
creases with time after the initial starburst, we use this time
as a minimum requirement to produce sufficient LW photons
(t6 = 10). Hence, the distance up to which a star-forming
halo of mass Mh can provide a flux > JLW is
rrad = 48 kpc
(
Mh
1011M⊙
)1/2 (
JLW
100
)−1/2
. (11)
We use the general convention to express the LW flux in
units of 10−21 erg s−1 cm−2 Hz−1 sr−1.
For a given star-forming halo, we calculate the pollu-
tion radius, which provides a minimum distance between
this halo and the atomic cooling halo. Assuming a Sedov-
Taylor expansion of the metal enriched galactic winds into
the surrounding gas, which has a density of ∆ = 60 times the
mean density of the intergalactic medium (Dijkstra et al.
2014), the radius of metal enrichment can be expressed as
rmetal = 22 kpc
(
Mh
1011M⊙
)1/5 (
1 + z
11
)−6/5
. (12)
The necessary requirement to form a DCBH is rmetal < rrad,
which translates into a minimum mass of
Mh > 7.2 × 10
9M⊙
(
1 + z
11
)−4(
JLW
100
)5/3
(13)
for a nearby star-forming halo to provide the LW flux JLW.
This minimum mass is plotted in Figure 1 as a function
of redshift for a variety of fluxes. For the considered crit-
ical fluxes, halo masses of ∼ 109 − 1011M⊙ are required
to provide sufficient photodissociating radiation. The haloes
have to be more massive at lower redshifts because the
ambient density of the haloes decreases with time, which
in turn increases the radius of metal pollution. The crit-
ical flux required for isothermal collapse proposed in the
literature spans several orders of magnitude and depends
on the detailed physics of collapse and the radiation spec-
trum (Sugimura et al. 2014; Glover 2015a,b; Agarwal et al.
2016b; Latif et al. 2015; Hartwig et al. 2015c). Assuming a
Pop II starburst in a ∼ 109M⊙ halo about 10Myr ago and a
distance to this halo of & 10 kpc, we expect Jcrit = 100−700
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Figure 1. Minimum halo mass required to produce Jcrit without
polluting its neighbour halo with metals, plotted as a function of
redshift. Depending on the redshift and the required LW flux, a
halo of ∼ 109 − 1011M⊙ is needed to suppress H2 formation in
its neighbour and produce a DCBH.
(Agarwal et al. 2016b). For Jcrit & 600 we find no DCBHs
in our model, because of the limited cosmological volume
that we can simulate. Hence, we vary Jcrit from 100–400,
and discuss our choice of Jcrit in more detail in Section 5.
To identify formation sites of DCBHs we first find a
metal-free halo with a mass > Matom and its most massive
neighbour in the merger tree. These are two haloes at the
present time step that merge in the next time step. This
condition of an incipient merger guarantees a small spatial
distance between the two haloes. If, for a given Jcrit, the
mass of the nearby halo fulfils equation 13, we assume that
it provides a sufficient LW flux without polluting the atomic
cooling halo and that a DCBH forms.
Agarwal et al. (2016a) propose that CR7 hosts a
DCBH. In ∼ 20% of their merger tree realisations, which
represent the mass assembly histories of CR7, a DCBH may
form. The formation redshift of the DCBH is z ∼ 20, which
is limited by two factors: at higher redshift, the LW flux,
which they calculate from Agarwal et al. (2016b), is not high
enough. At lower redshift the formation site of the DCBH
is polluted by metals, where they assume that metals are
ejected at a constant wind speed of 100 kms−1. For a seed
mass of 2×104M⊙, accretion at 40% of the Eddington rate,
and an escape fraction of fesc = 0.16 for Lyαphotons, they
show that a DCBH is able to reproduce the observed line
luminosities of Lyα and Heii . Hence, if the BH is able to
accrete metal-free gas for long enough, formation at higher
redshifts is also possible. Following Pallottini et al. (2015)
and Agarwal et al. (2016a), we assume that a DCBH formed
before z = 7.3 can account for the observed line luminosi-
ties if it accretes low-metallicity gas at z = 6.6. Motivated
by Latif et al. (2013b) and Ferrara et al. (2014), we assume
that DCBHs form with an initial seed mass of 104− 105M⊙
in our model. These masses, however, are plausibly upper
limits, as the strength of the LW flux we assumed is lower
than assumed in those papers. Latif & Volonteri (2015), for
instance, find that lower LW fluxes result in lower mass con-
centrations in the precursors of DCBHs when J21 < 1000.
3.5 Determination of the metal tax
A crucial parameter to understand the nature of CR7 is
the ‘metal tax’, respectively the maximum tolerable metal-
licity that does not violate the observational limits on the
metal lines. We use the photoionisation code cloudy, ver-
sion 13.03 (Ferland et al. 2013) to calculate the metal line
ratios as a function of the gas metallicity and dust abun-
dance, approximating that the dust abundance and the indi-
vidual elemental abundances all scale linearly with the total
metallicity. We assume an ambient gas density of 10 cm−3
and have checked that the results are only weakly affected
by a higher density of 100 cm−3. For the Pop III stellar pop-
ulation, we adopt a 100 kK blackbody spectra, since most of
the contribution to the recombination lines of interest might
come from such massive, hot stars. To model the emission
from the accretion disc of a BH, possibly residing in CR7,
we assume an AGN SED based on Richardson et al. (2014).
This model is tuned to achieve reasonable agreement along
the AGN sequence by matching the Heii /Hβ ratios of ob-
served AGN. The accretion disc of this AGN can be mod-
elled as a multicolour blackbody with a maximum temper-
ature of Tmax ≈ 7 × 10
5K. We also tested a different SED
to verify that the choice of the AGN model only has minor
influence on the line ratio, in which we are interested in. The
resulting line ratios as a function of metallicity can be seen in
Figure 2 for different ionisation parameters (U) and for the
two spectral models. The Ciii]1908A˚/Heii ratio is a strong
function of the gas metallicity and the ionization parame-
ter. For a high ionisation parameter of logU = 0, even solar
metallicity gas is in agreement with the observed line ratios.
For lower ionisation parameters of −2 . logU . −1, as we
expect to find for high redshift AGNs (Nagao et al. 2006;
Feltre et al. 2016), lower metallicities are required. Given
the uncertainties in the model, it is safe to assume
Zlimit = 10
−2 (14)
as an upper limit of the metallicity in clump A for both
scenarios.
A different approach is to further investigate the non-
detection of the Ciii] doublet at ∼ 1908A˚. For the spectral
resolution of 0.4 A˚ (Sobral et al. 2015), we expect the EW
of Ciii] to be below . 1 A˚, since it should otherwise be de-
tected as an emission line in the spectrum. This yields an
additional constraint on the gas metallicity as can be seen
in Figure 3. From the Cloudy model at different ionisation
parameters we can constrain that only gas metallicities of
. 10−3 are consistent with the non-detection of the Ciii]
doublet. Although this is even more constraining than our
previous approach based on the line ratios, we use the con-
servative value of Zlimit = 10
−2, due to the difficulties in
modelling the EW with our simple model. We check the in-
fluence of a possibly lower metal tax in the final discussion.
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Figure 2. Line ratio as a function of the gas metallicity for a
100kK blackbody (top) and an AGN SED (bottom). The dashed
line indicates the upper observational limit of Ciii]1908A˚/Heii<
0.4 and the three different lines represent different ionisation pa-
rameters of the gas. For metallicities below ∼ 10−2, all models
are in agreement with the observation.
4 RESULTS
In this section, we present the main results of our analy-
sis and investigate whether CR7 can be explained with our
models of Pop III star formation or by an accreting BH. For
each set of parameters, we create 100 independent merger
tree realisations and average the derived quantities over the
different realisations (if not stated otherwise). This yields a
cosmologically and statistically representative sample with
statistical scatter of < 10%.
Figure 3. Modelled EW of Ciii] as a function of the gas metal-
licity for a stellar population (top) or a AGN spectrum (bottom).
Given the spectral resolution, the EW should be below . 1 A˚,
which sets an upper limit to the gas metallicity of ∼ 10−3.
4.1 Cosmologically representative models of
primordial star formation
We sample the halo mass function from 108 − 1013M⊙ and
weight the contribution to the number of ionising photons by
the number density of those haloes at z = 6.6. This enables
us to reproduce the observed value of the optical depth.
The total mass of Pop III stars per halo depends on
either the LW background (equation 5) or on the merger
history (equation 8). To compare these recipes for star for-
mation, we define the effective SFE as ηeff =M∗/Mh, which
is shown in Figure 4 as a function of cosmic time. Typical
values for ηeff are ∼ 10
−4 for all the models. Minihaloes
have masses on the order of ∼ 106M⊙, and for ηeff ∼ 10
−4
we form a total stellar mass of ∼ 100M⊙ on average per
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Figure 4. Effective SFE for Pop III stars as a function of cosmic
time for the four models. After a small early peak, the SFE is
approximately constant around 10−4.
Pop III star-forming minihalo. The random sampling of the
IMF leads to statistical variance from halo to halo and
there are haloes with multiple Pop III stars and masses
> 100M⊙. Indeed, the majority of primordial stars in our
model form in multiples of 2-6 stars, as predicted by simula-
tions of early star formation (Clark et al. 2011; Greif et al.
2011; Stacy et al. 2012; Dopcke et al. 2013; Hartwig et al.
2015a; Stacy et al. 2016).
The cosmic mean Pop III star formation density as
a function of time for all four models is shown in Figure
5. It is roughly the same for all the models because they
are constructed to satisfy the latest constraints on τe. The
Zcrit model’s values are slightly higher just shortly above
z = 6.6 because Pop III stars also form in low-metallicity
gas and hence also at later times. Consequently, this model
is less affected by metal pollution at lower redshifts. The de-
rived cosmic star formation densities are in agreement with
those of Visbal et al. (2015). They show that the recent con-
straints on τe by the Planck Collaboration (2015) limit the
mean cosmic star formation density of primordial stars to
. 10−4M⊙ yr
−1Mpc−3. The SFR density at z ∼ 6.6 might
not be cosmologically representative due to ongoing Pop III
star formation at z . 6.6, which is not captured by our
method.
The fact that we have more gas available to form pri-
mordial stars in the Zcrit model can be seen in the plots of
metal-poor gas mass as a function of time in Figure 6. At
a given redshift, this is the sum of the metal-free gas in all
resolved haloes in the merger tree. Hence, it is a measure of
the maximum available mass to form Pop III stars, assum-
ing an SFE of 100%. For all the models this mass remains
below ∼ 108M⊙. In the model in which we allow primordial
stars to also form in metal-enriched gas at Z < Zcrit, we
have more gas to form Pop III stars at lower redshifts and
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Figure 5. Mean cosmic Pop III SFR for all four models per
comoving volume. The primordial SFR peaks around redshift 20,
and decreases at z < 12.
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Figure 6. Mass of metal-free or metal-poor gas as a function of
time for all four models. Here, we assume that the final halo has a
mass Mh = 1.2×10
12M⊙ at z = 6.6 and we only account for gas
in its resolved progenitor haloes, which explains the rise at early
times. This plot illustrates the maximum available amount of gas
to form Pop III stars, but even in the most promising Zcrit model
the mass of gas available for Pop III star formation is limited to
. 108M⊙.
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Figure 7. Stellar masses in Pop III stars (top) and correspond-
ing Heii luminosities (bottom) at z = 6.6 for a variety of halo
masses. Here, we illustrate the entire range of simulated halo
masses, and the most likely mass range for CR7 is shaded in
grey. The model with a lower mass IMF produces a significantly
higher stellar mass in Pop III stars, mainly because of the longer
lifetimes of these stars. In the expected mass range of CR7, the
stellar primordial mass is limited to 102 − 105M⊙, depending on
the model. The Zcrit model produces the highest Heii luminosity,
because this model is less affected by metal enrichment at lower
redshifts and can hence form Pop III stars out to later times. The
Heii luminosity is significantly lower than the observed value of
1.95× 1043erg s−1.
still 107M⊙ of low-metallicity gas just above z = 6.6. These
values are derived for Mh = 1.2× 10
12M⊙.
The stellar mass in Pop III stars and Heii line luminosi-
ties are shown in Figure 7. For the lower mass IMF there are
105M⊙ of Pop III stars in CR7, whereas the other models
yield values of 102 − 103M⊙. This is in agreement with the
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Figure 8. Number of stars per logarithmic mass bin that are
present in the final 1.2× 1012M⊙ halo at z = 6.6, summed over
100 realisations. The more massive the stars, the shorter their
lifetimes and the lower the probability that they survive from
their time of formation until the final redshift. The model with the
less massive IMF produces many low-mass stars, which survive
down to z = 6.6 if they are less than ∼ 2M⊙. In the Zcrit model
primordial stars form up to just above z = 6.6, so more massive
survivors are present in the final halo.
results of Xu et al. (2016a), who find in their cosmological
simulation . 103M⊙ of Pop III stars in halos at z = 7.6.
The mass of pristine gas drops steeply before this redshift
and only less massive stars with longer lifetimes can sur-
vive to be present in CR7. The Heii luminosity is a steep
function of the stellar mass, and massive stars are favoured
to reproduce the observations. The Zcrit model yields larger
masses of low-metallicity gas down to smaller redshifts and
consequently allows primordial star formation at later times.
Hence, more massive stars can also survive to contribute to
the Heii luminosity at z = 6.6. The Zcrit model produces the
highest Heii luminosities, which are still more than 10 orders
of magnitude below the observed value of 1.95×1043erg s−1.
Even for a higher halo mass, which might be possible within
the uncertainties of the determination of the stellar and halo
mass of CR7 (see Section 3.1.2), the final luminosities are
too small. We note that the corresponding Lyα luminosity
for Pop III stars in a ∼ 1012M⊙ halo is of the order of
1036 − 1037 erg s−1, which is about 7 orders of magnitude
below the observed value.
What mostly limits the Heii luminosity is the mass of
Pop III stars that survive until z = 6.6. To show this effect,
we plot the stellar mass distribution of primordial stars in
Figure 8. The more massive the stars, the shorter the life-
times and the smaller the probability that they survive long
enough to be present down to z = 6.6. For M < 2M⊙ this
plot represents the IMF, since the lifetimes of these stars are
long enough for them to survive until z = 6.6. For higher
masses we see that the Zcrit model is the most likely one to
also contain stars that are ∼ 10M⊙ since it has the largest
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Figure 9. Probability distribution function for the expected
Heii line luminosities in the merger model for a variety of final
halo masses. Due to the random sampling of merger histories,
the scatter in the final Heii luminosity in this model is broader
compared to the other models. However, even the scatter and
the associated probabilities for large values of LHeII cannot ac-
count for the missing 10 orders of magnitude between model and
observation.
amount of gas available for star formation down to lower
redshifts. But even these stars are not massive enough to
contribute significantly to the Heii luminosity, due to the
steep dependence of the Heii luminosity on the stellar mass
(see also Table 1). We also test more extreme models for
the Pop III IMF with a mass range from Mmin = 10M⊙
to Mmax = 1000M⊙ and find significantly fewer primordial
stars at z = 6.6 and also a smaller Heii line luminosity than
in the fiducial model. ForMmin & 50M⊙ there are no Pop III
stars at all that might contribute to the Heii luminosity at
z = 6.6, because such massive stars explode within a few
Myr as SNe.
Coupling star formation to the merger history of the
haloes induces a higher scatter in the stellar mass per halo.
Hence, the merger model leads to a broader distribution
of Heii luminosities at z = 6.6. We show the probability
distribution function of the luminosities at this redshift in
Figure 9. The expected Heii luminosities for a halo mass
of Mh = 10
12M⊙ span more than six orders of magnitude
with a maximum value of ∼ 1032 erg s−1. The recipe for star
formation in mergers (equation 8) is only an extrapolation
to lower-mass haloes and higher redshifts. But even in the
most optimistic case, in which all the pristine gas turns into
Pop III stars during a major merger of two ∼ 106M⊙ mini-
haloes, ∼ 100 such mergers are required just above z = 6.6
to account for 107M⊙ of Pop III stars at that redshift. It is
therefore difficult to explain the Heii emission in CR7 with
our models for primordial star formation.
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Figure 10. Mass of pristine gas in a 1.2 × 1012M⊙ halo as a
function of time for a range of SFE parameters. The probability
that a halo pollutes its environment with metals is not a strong
function of the SFE, but only depends on the probability that
there is at least one highly-energetic SN in the halo.
4.2 Alternative scenarios of primordial star
formation
The host halo of CR7 corresponds to a rare ∼ 3σ peak in the
cosmological density field at z = 6.6. Such rare halos have a
comoving number density of only ∼ 10−7Mpc−3 at this red-
shift, and it is possible that star formation within these rare
objects might proceed differently than in the average galaxy
at this redshift. So far, we have assumed that CR7 is cosmo-
logically “representative” and our star formation recipes re-
produce the reionisation history of the Universe. Since CR7
cannot be explained in this way, we now drop the constraint
of the optical depth, which enables us to vary the SFE of
primordial star formation. In other words, we no longer re-
quire the mean Pop III SFE in the progenitors of CR7 to be
the same as the global mean required to produce the right
Thomson scattering optical depth, but instead treat it as a
free parameter. We show the effect of changing the SFE in
Figure 10. Even if we change the SFE by 4 orders of magni-
tude, the mass of zero-metallicity gas is only weakly affected.
In none of the models is this mass sufficient to explain the
observational signatures of CR7, and the Heii line luminos-
ity is limited to . 3×1032 erg s−1. To understand this rather
weak dependence of pristine gas mass and final luminosity
on the SFE, we investigate the two limiting cases for the
metal enrichment model. As described in Section 3.1.5, we
only account for the SN expansion of the most massive star
per halo, which could either be a core-collapse SN with an
explosion energy of E0 = 1.2×10
51 erg, or an pair-instability
supernova (PI SN) with E0 = 10
52
− 1053 erg, depending on
the mass of the star. For a very low value of η, we form only
one star per halo and the probability that this star explodes
is ∼ 45% for a logarithmically flat IMF from 3 − 300M⊙.
For a very high value of η, we form many Pop III stars per
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halo and have a correspondingly high probability to obtain
a star that explodes as a highly-energetic PI SN. The radius
of the metal enriched volume is approximately proportional
to E
1/5
0 so it is only weakly affected by SNe with differ-
ent explosion energies. This explains the small variations in
the mass of pristine gas between the models with different
SFEs. Having several SNe going off in one halo might break
the conservative assumption of our metal enrichment model
that the pollution of metals is dominated by the most mas-
sive SN. Considering multiple SNe per minihalo would lead
to even less pristine gas at lower redshifts.
We have assumed that CR7 is one halo at z = 6.6, al-
though we clearly see three distinct clumps. By construction,
the final halo is polluted by metals because its progenitors
were enriched by SNe or external metal enrichment. Con-
sequently, there is no Pop III star formation at z = 6.6.
In an alternative scenario, we now assume that CR7 is an
ongoing merger and that the three clumps will merge to
one halo in 100Myr (z0 = 6.0) or 200Myr (z0 = 5.6).
Based on Behroozi et al. (2013), we estimate the halo masses
of halo A and C to be MA = (3 ± 0.6) × 10
10M⊙ and
MC = (6± 1.2)× 10
11M⊙. The merger time of these haloes
with the more massive halo B are & 50Myr at this redshift
(Boylan-Kolchin et al. 2008). For z0 . 5.6, the masses of
the third and fourth most massive halo tend to be approx-
imately equal, which does not match the constellation of
CR7, where we only observe three clumps (see also Section
4.6). This limits the possible range to 5.6 . z0 . 6.0.
These redshifts are the starting points for constructing
merger trees backwards in time so that we can determine the
primordial stellar mass and corresponding Heii luminosity
at z = 6.6. The primordial gas mass is shown as a function
of time in Figure 11. The primordial gas mass at z = 6.6
is much higher for the haloes whose merger tree extends
down to redshifts z0 < 6.6. The two additional models yield
∼ 108M⊙ of pristine gas at z = 6.6. The corresponding to-
tal masses of Pop III stars are 2× 104M⊙ and 1× 10
5M⊙,
which are 2-3 orders of magnitude higher than in the fidu-
cial model but still not sufficient to account for the observa-
tional constraints. The Heii luminosities are 7× 1039 erg s−1
and 3 × 1040 erg s−1 for the z0 = 6.0 and 5.6 models, re-
spectively. If Pop III stars form instantaneously out of the
pristine gas with 10% efficiency just above z = 6.6, the mass
of pristine gas in these models would be sufficient to explain
observations of CR7. However, there is no plausible mech-
anism that could trigger an instantaneous starburst of this
intensity, which is required to explain both the luminosity
and the EW of the Heii emission.
Although the models with z0 < 6.6 could in principle
explain CR7, there are two shortcomings. First, the primor-
dial stars are distributed over all the CR7 progenitors. In our
model, we just add up all the Pop III stars at z = 6.6 al-
though they should be confined to clump A. This additional
constraint would limit the Pop III stars (and their total
mass) to just this one clump (see Section 4.6). Another effect
becomes important at lower redshifts that we have not con-
sidered. After the reionisation of the Universe, photoionisa-
tion heating counteracts the cooling in minihaloes and might
prevent their collapse (Abel & Haehnelt 1999; Pawlik et al.
2009), which further limits the number of Pop III stars that
can form at lower redshifts.
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Figure 11. Mass of pristine gas as a function of cosmic time for
models that assume a final mass of 1.2 × 1012M⊙ but several
final redshifts, for which the merger trees are created backwards
in time. The gas mass available at this redshift is much higher
for those models, but we would still need an SFE of 10% and to
overcome other problems (see text).
4.3 Pop III remnant black holes
While an accreting BH can also explain the line luminosi-
ties from CR7, these observations cannot yet differentiate
between seed BH formation mechanisms. We first study BH
formation in the progenitor haloes of CR7 by mergers of
Pop III stellar remnants. We follow the mass assembly his-
tory of these BHs in merger tree realisations and illustrate
30 randomly selected histories for three host halo masses in
Figure 12. The Pop III remnant BHs grow to 104 − 105M⊙
by z = 6.6, depending on the mass of the halo. Since we
only account for mass growth due to mergers of BHs, these
values should be treated as an lower limit. We discuss the
effect of additional mass accretion in Section 5. For the
1012M⊙ halo, we expect a BH with a mass of ∼ 10
5M⊙
at z ≈ 7, which could explain CR7 (Pallottini et al. 2015;
Pacucci et al. 2016). Note that this quantifies the most mas-
sive BH in all progenitors of CR7. In Section 4.6 we investi-
gate explicitly those BHs that reside in clump A. Previous
studies assume that the BH can accrete low metallicity gas
down to z = 6.6. This is a strong assumption, and we show
in Section 4.5 that the host haloes of stellar remnant BHs
of this mass are generally polluted before z = 6.6.
4.4 Direct collapse black hole
We also consider under which conditions a DCBH can form
in the progenitor haloes of CR7. The DCBH formation rate
density is shown in Figure 13. DCBHs form in the five mod-
els at redshifts z > 7.3. Generally, a higher halo mass and a
lower value of Jcrit facilitates the formation of DCBHs. This
is because a higher halo mass yields more progenitors and
hence more possible formation sites for a DCBH, whereas
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Figure 12. Growth history for Pop III stellar remnant BHs that
gain mass via galaxy mergers. Here we show 10 random realisa-
tions for each halo mass of 1011M⊙ (red), 1012M⊙ (green), and
1013M⊙ (blue). The BHs can reach final masses of 104− 105M⊙
by z = 6.6.
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Figure 13. DCBH formation rate as a function of redshift for
several halo masses and values of Jcrit. The formation rate is nor-
malised to the comoving volume of the main halo, where the red,
green, and blue lines are for halo masses of 1011M⊙, 1012M⊙, and
1013M⊙, respectively. The solid, dashed, and dotted green lines
show the numbers of DCBHs per redshift for Jcrit = 100, 200, 400,
respectively. The comoving volume is calculated as the mass of
the main halo Mh divided by the average cosmic density. In all
these cases, we can form DCBHs during the assembly of the halo.
A larger halo mass and a lower value of Jcrit facilitates the for-
mation of a DCBH down to lower redshifts. In none of the cases
can we form a DCBH at redshifts z < 7.3.
for a lower value of Jcrit haloes with lower masses can pro-
vide sufficient flux to enable isothermal collapse. The peak
formation rate of DCBHs is around z = 15 and the rate
decreases steeply at z < 10. In our models no DCBH can
form at Jcrit > 600 in the progenitors of CR7, whereas this
is also limited by the finite number of merger tree realisa-
tions. Our implementation yields results similar to those by
Dijkstra et al. (2014) and Habouzit et al. (2016). The dif-
ference emerges from our implementation of Pop III star
formation and the fixed time of 10Myr that we require for
an atomic cooling halo to collapse, whereas they assume a
redshift-dependent collapse time, which is generally longer.
Hence, our assumptions are more optimistic, and similar to
Agarwal et al. (2012, 2014).
The difference between our results and those of
Agarwal et al. (2016a) arise mainly from the treatment of
metal enrichment. They assume a constant velocity for the
enriched winds that yields a window of 50Myr in which
DCBH formation is possible before the line-cooled halo is
polluted with metals. In our model, we follow the pollution
of individual haloes self-consistently. However, the impor-
tant question is not only if DCBHs form in the progenitor
haloes of CR7, but also if those haloes can remain below
Zlimit for long enough. Otherwise, we should see the imprint
of those metals in the spectrum.
4.5 Mass of metal-poor gas
We have shown in the previous sections that DCBHs and
Pop III remnant BHs can reach the masses needed to explain
the Lyα and the Heii luminosities of CR7. However, another
important constraint are the upper limits on the Oiii]1663A˚
and Ciii]1908A˚ lines. The absence of these recombination
lines requires the photon source to be embedded in metal-
poor gas at z = 6.6. In this section, we quantify the amount
of low-metallicity gas that is present in the progenitors of
CR7. We use the fiducial model and account for gas in haloes
with a metallicity Z < Zlimit. In previous sections we anal-
ysed the total mass of low-metallicity gas at a given redshift
in all progenitors, but now we examine the maximum mass
of metal-poor gas in a single halo at a given time. Its evolu-
tion over time is shown in Figure 14. This plot shows that
metal-poor haloes with a gas mass of ∼ 108M⊙ are present
down to redshift z = 6.6. The more important question is if
these metal-poor haloes can also host a sufficiently massive
BH to explain the observed line luminosities. To answer this
question we show the mass of low-metallicity gas in haloes
that host either a DCBH or a Pop III BH remnant in Figure
15. Here, we plot the mass of low-metallicity gas surrounding
BHs at the moment before the halo is polluted to Z > Zlimit.
This enables us to quantify the lowest redshift at which a
BH can reside in a pocket of low-metallicity gas. For the
Pop III remnant scenario, we expect BHs in haloes with a
gas mass of . 107M⊙ down to z = 6.6 but these BHs have
masses of . 800M⊙, much smaller than the required mass of
> 105M⊙. This is mainly due to the fact that either the BH
progenitor itself pollutes its host halo with metals at the end
of its lifetime or that another Pop III star in the same halo
enriches it with metals. The only possibility to remain below
Zlimit is to have Pop III stars that collapse directly to a BH.
In our model, Pop III BH remnants only grow by mergers
with other BHs and might be polluted during the merger.
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Figure 14.Maximum gas mass in the given halo with Z < Zlimit.
We plot 10 random realisations for final halo masses of 1011M⊙
(red), 1012M⊙ (green), and 1013M⊙ (blue). Even at low red-
shifts, it is possible for haloes to have a low metallicity and a gas
mass of ∼ 108M⊙.
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Figure 15. Mass of metal-poor gas (Z < Zlimit) surrounding
BHs of different origin. The squares denote DCBHs, the circles
are Pop III stellar remnant BHs and the colours and sizes of the
circles indicates the mass of the BH. The data is taken one time
step before the haloes are polluted with metals to Z > Zlimit,
so the symbols mark out to which time a given type of BH can
be surrounded by the indicated mass of metal-poor gas. For the
red and green circles we plot only every 50th data point. By con-
struction, the host halo of a DCBH is metal-free at the moment
of formation, but shortly afterwards it generally merges with the
enriched halo that previously provided the required LW flux.
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Figure 16. Masses of the second, third, and forth most massive
haloes at z = 6.6, assuming that they merge to one halo within
100Myr. The grey region indicates the required mass range for
clump A and C of CR7 and we show 512 different merger tree
realisations. Since we do not see a fourth clump within a projected
distance of ∼ 10 kpc to CR7, we require that the fourth most
massive clump in the merger tree is significantly less massive than
clump A. In this sample, we find constellations in the right mass
range and with MD/MA . 0.1. The most massive clump B has
always a mass of ∼ 1012M⊙.
Only a few BHs merge and remain in a low-metallicity en-
vironment. We find few Pop III remnant BHs that can grow
to ∼ 800M⊙ before their host halo is polluted to Z > Zlimit.
In contrast, the DCBHs reside by construction in low-
metallicity haloes with a much higher gas mass of up to
∼ 109M⊙. These higher masses can be reached because
we quench Pop III star formation in the host halo with a
strong LW flux from a nearby star-forming halo. We find
that DCBHs reside in a metal-free environment for only sev-
eral tens of Myr before they are polluted by merging with the
neighbour halo. DCBHs therefore reside in low-metallicity
haloes only down to z ≈ 8.5, which is ∼ 240Myr before
z = 6.6. When interpreting this result, one should keep in
mind that the rapidly-changing metallicity of the host halo
due to the merger is an artefact of our recipe for DCBH
formation. For this analysis, we use an optimistic value of
Jcrit = 100. The actual value can be up to an order of mag-
nitude higher (Section 5) so the derived values should be
treated with caution, since a higher Jcrit might inhibit the
formation of DCBHs.
4.6 Comparison of scenarios
In this section, we compare the three models and estimate,
which have the highest probability to reproduce the observa-
tions of CR7. To do so, we assume that CR7 is an ongoing
merger of the three clumps A, B, and C, which merge at
z0 = 6.0. This is the most plausible scenario to obtain the
right constellation of masses in CR7 as shown in Figure 16.
The most massive halo B always fulfils the requirement of
MB ≈ 10
12M⊙, whereas only < 10% of the merger tree re-
alisations yield masses in the right range for halo A and C.
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Figure 17. Comparison of the three different models, regarding
the metallicity of clump A at z = 6.6 and the mass of the stel-
lar population or of the BH, respectively. The grey shaded area
indicates the region in which we expect the system to have the
same observational signature as CR7. A Pop III stellar popula-
tion has to have a mass of ∼ 107M⊙ and a BH should be in the
mass range 105 − 107M⊙ to yield the observed line luminosities.
The upper limit of the metallicity is set by Zlimit, in order not to
violate the observed metal tax, but lower values are favourable.
BHs of different origin can reside in sufficiently metal-poor halos,
but, without including growth by accretion neither Pop III rem-
nants nor DCBH are sufficiently massive to account for the ob-
servations. The arrows for the BH populations symbolise possible
mass growth by gas accretion; DCBHs require less mass growth
by accretion to account for the spectral properties of CR7.
As an additional constraint, we require a significant gap be-
tween the masses of the third and the fourth most massive
halo at z = 6.6, because we only see three clumps in CR7
and there is no evidence of a fourth equally massive clump.
Hence, we assume that the fourth most massive halo D in
the merger tree should be at least an order of magnitude less
massive than halo A (MD/MA . 0.1). This mass distribu-
tion is the anticipated constellation of CR7. We analyse the
metallicity, and estimate the masses of both Pop III stars
(with the fiducial model) and BHs resulting from the two
different seeding scenarios in halo A at z = 6.6. The results
are shown in Figure 17. For a given scenario, this plot il-
lustrates the possible mass-metallicity combinations of the
three scenarios. For Pop III stars, the stellar mass in clump
A at z = 6.6 remains always below 103M⊙ and the halo has
a metallicity of ∼ 10−3. Pop III remnant BHs might reside
in metal-poor halos at z = 6.6, but are not massive enough
(. 103M⊙) to explain CR7. Only the DCBH scenario can
explain the observed line luminosities. For the given mass
constellation of the halos A, B, C, and D, the probability
that clump A hosts Pop III stars is 37%, that it hosts a
Pop III remnant BH is 98% and that it hosts a DCBH is
10%. These probabilities add up to over 100%, because due
to merging of the progenitor halos, clump A can contain
Pop III stars and BHs at the same time. Comparing these
results to, e.g., Figure 12 shows that it is crucial to treat CR7
as three individual clumps, since the BH mass in clump A
is generally lower than the most massive BH in all CR7 pro-
genitor halos. The third most massive halo A is less affected
by metal enrichment, but the Pop III remnant BHs do not
merge to masses above 103M⊙. Under these conditions and
with the optimistic assumption of Jcrit = 100 we find that
∼ 90% of the DCBHs reside in sufficiently metal-poor gas
at z = 6.6.
Only∼ 0.5% of all the merger tree realisations, yield the
right mass constellation and out of these, only 9% produce
results that are consistent with the observations of CR7. Ac-
cording to the Press-Schechter formalism, the number den-
sity of the host halo (Mh = 1.2 × 10
12M⊙ at z = 6.0)
is n . 10−5Mpc−3. This yields an expected abundance of
n . 5× 10−9Mpc−3 for objects with the same constellation
and observational signature as CR7. These estimates might
even be lower with a smaller value of Zlimit, suggested by the
non-detection of Ciii]. The survey of Matthee et al. (2015)
covers 5 deg2 in the redshift range z = 6.5− 6.6, which cor-
responds to an observed volume of ∼ 4.3 × 106Mpc3. The
volume in the COSMOS fields, where CR7 was found, is ∼
1.5×105Mpc3 and the expected number density of CR7-like
sources is of the order 10−6 − 10−7Mpc−3 (Pallottini et al.
2015; Visbal et al. 2016). CR7, therefore, appears to have
been a fortunate discovery, for the design of that survey.
Larger surveys can confirm whether the mechanisms sug-
gested in this paper occur with the expected probability or
if we might have to adopt the model and assumptions to
account for such rare sources.
There are other galaxies near the epoch of reion-
isation that have comparable observational signatures.
Matthee et al. (2015) find more than ten Lyα emitter can-
didates potentially similar to CR7, which are worth being
further investigated. Also the ‘Himiko’ galaxy is very bright
and extended in Lyα , consists of three clumps of which one
is very blue, and shows no sign of metals emission lines in the
rest-frame UV (Ouchi et al. 2009, 2013; Zabl et al. 2015).
However, no Heii emission has be confirmed for this galaxy,
which disfavours Himiko as a potential host of Pop III stars.
5 CAVEATS
The main shortcoming of our semianalytical approach is the
lack of spatial information in the merger tree and hence
the simplified treatment of metal enrichment. We check sta-
tistically if a halo is polluted, which yields reasonable re-
sults on average over many merger tree realisations. Once
a halo is polluted we assume that the metals mix homo-
geneously with the gas and assign a single metallicity to
the halo. However, metal-enriched winds may not mix effec-
tively with the dense gas in minihaloes and a large fraction of
this gas might remain at low metallicity (Cen & Riquelme
2008; Pallottini et al. 2014; Ritter et al. 2015; Smith et al.
2015b). Three-dimensional hydrodynamical simulations are
required to obtain a more reliable metal enrichment history
and identify pockets of metal-free gas.
We do not explicitly account for accretion onto BHs. In
our model, the DCBHs have a seed mass of 104−105M⊙ and
the Pop III remnant BHs only gain mass by mergers. The
accretion of large masses of gas is necessary to account for
the observed BH mass density at z = 6 (Tanaka & Haiman
2009). Pop III remnant BHs form in minihaloes with shallow
potential wells, which are unable to retain the photoionised
heated gas (Johnson et al. 2007; Alvarez et al. 2009). Also
the energy of a single supernova from a massive star is suf-
c© 2016 RAS, MNRAS 000, 1–21
Exploring the nature of CR7 17
ficient to clear the halo of accretable gas. The average time
that Pop III remnant BHs can accrete mass in our model
is ∼ 400Myr. To grow from a seed mass of ∼ 200M⊙ to a
final mass of 106M⊙ at z = 6.6 they would have to accrete
constantly at 80% the Eddington rate. Using cosmological
zoom-in simulations, Jeon et al. (2012) study the assembly
of the first galaxies under feedback from a central BH. They
find that the accretion rate on to Pop III remnant BHs re-
mains always below 10−6M⊙ yr
−1 for a radiative efficiency
of ǫ = 0.1. This is below the required accretion rate to ac-
count for the BH in CR7 at z = 6.6. Hence, the mass of
the Pop III remnant BHs in our model might generally be
higher, but they can not grow sufficiently massive to account
for the observations (but see Lupi et al. 2016).
In our analysis, we investigate Jcrit = 100 − 400 as the
LW flux required to enable isothermal direct collapse of an
atomic cooling halo. The probability for forming a DCBH is
a steep function of this value (Inayoshi & Tanaka 2015) and
we do not find any DCBHs in our model at Jcrit > 600. The
required flux varies from halo to halo (Shang et al. 2010;
Latif et al. 2014) and also depends on the stellar spectrum.
Pop III stars with effective temperatures of ∼ 105K re-
quire Jcrit ≈ 10
5, whereas subsequent stellar populations
have lower effective temperatures and require a smaller Jcrit
(Bromm & Loeb 2003; Shang et al. 2010; Sugimura et al.
2014; Agarwal & Khochfar 2015; Latif et al. 2015). In our
model, a young population of Pop II stars provides the re-
quired flux for isothermal direct collapse. We therefore ex-
pect Jcrit < 1000 (Shang et al. 2010; Agarwal et al. 2016b),
but the exact value remains an open question.
A third way to form SMBHs in the early Universe is
the fragmentation of gas in a low-metallicity halo into a
dense nuclear cluster of low-mass stars and the subsequent
build-up of a ∼ 103M⊙ star via runaway mergers in the clus-
ter (Portegies Zwart et al. 2004; Devecchi & Volonteri 2009;
Lupi et al. 2014). This scenario results in the creation of a
103M⊙ BH and requires enough low-metallicity gas to form
the cluster. Although this channel can generally produce
as many BHs as Pop III BH remnants, it faces the same
problem as the other scenarios: how can such a BH grow
to sufficient masses without the host halo being polluted by
metals? Given the formation criteria for a dense cluster we
expect that it might yield results comparable to those of the
Pop III remnant scenario and hence not be able to explain
the properties of CR7.
To create the merger trees, we use a code based on
Parkinson et al. (2008). This method is tuned to repro-
duce the halo mass function of the Millennium simulation
(Springel et al. 2005) of intermediate and high-mass halos at
redshifts z . 4. For higher redshifts (z ≈ 30), this method
tends to yield slightly more minihaloes, which are possible
formation sites of Pop III stars. Using the original method by
Cole et al. (2000), which is not calibrated to match the halo
mass function of the Millennium simulation, we form fewer
primordial stars at z > 15. This leads to a metal enrichment
at later times and a higher SFR for Pop III stars at z ∼ 10.
For z < 8, the mass of pristine gas is roughly the same in
both models so there is no difference in the probability of
finding a massive primordial halo at z = 6.6. The method of
Parkinson et al. (2008) yields total stellar masses of Pop III
stars at z = 6.6 that are about a factor of two lower com-
pared to the original method by Cole et al. (2000), but this
is not sufficient to account for the lack of luminosity. The
mass function of minihaloes at high redshift still remains an
open question and better constraints might help to improve
our model of Pop III star formation.
6 CONCLUSION
We have explored the nature of CR7, a Lyα emitter at
z = 6.6 (Matthee et al. 2015; Sobral et al. 2015), which has
very strong Lyα and Heii signatures without any detection of
metal lines in the spectrum. Using a semianalytical merger
tree model, we have investigated a variety of formation his-
tories for CR7 and tested different scenarios for its origin.
Sobral et al. (2015) originally proposed that a recent
Pop III starburst with a total stellar mass of ∼ 107M⊙ or an
accreting BH can account for the observational constraints.
Based on our current understanding of Pop III star forma-
tion, we show that such a starburst seems not to be possible
for several reasons. The mass of metal-free gas decreases
with time since more and more haloes are polluted by SNe.
Hence, after peaking around z ∼ 15, the cosmic SFR for
Pop III stars declines sharply at lower redshifts. Moreover,
very hot massive stars are required for the Heii line emission
and the short lifetimes of these stars consequently requires
a very recent burst, . 1Myr to be in agreement with the
observed EW of Heii . Our model fails to reproduce the ob-
served Heii line luminosity by about 10 orders of magnitude.
Besides this fiducial model of primordial star formation, we
also tested various models in which Pop III stars form in
gas with a metallicity Z < Zcrit, in which star formation is
based on the merger history of the halo, and in which we
adopt a different IMF. None of these models can explain
CR7 as a primordial star cluster.
If CR7 hosts Pop III stars, the metal pollution by these
first stars must be significantly less efficient than previously
assumed and we need a mechanism to form 107M⊙ of metal-
free stars synchronised in one halo within ∼ 1Myr. Recently,
Visbal et al. (2016) propose that photoionisation feedback
could prevent early star formation and hence enable the col-
lapse of a ∼ 109M⊙ halo at z ≈ 7.
We also investigate the possibility that CR7 hosts an
accreting BH. This scenario seems more appealing than
Pop III stars because DCBHs form down to z ∼ 7.3 and
Pop III BH remnants can form down to z = 6.6. Several
groups have shown that such BHs can reproduce the ob-
servational constraints (Pallottini et al. 2015; Agarwal et al.
2016a; Smith et al. 2016; Dijkstra et al. 2016; Smidt et al.
2016; Pacucci et al. 2016). However, they assume that the
BH is embedded in metal-poor gas at z = 6.6, which is
difficult to obtain with our model because when a Pop III
star BH forms, it is very likely that a SN also enriches the
halo with metals. Furthermore, we assume that Pop III star
BHs mainly grow via mergers and consequently the already
low possibility of finding a BH in a metal-poor halo shrinks
with every merger with another halo, which could be en-
riched with metals. Finally, we only find Pop III BH rem-
nants with masses < 103M⊙ in low-metallicity haloes with
gas masses of ∼ 106M⊙ at z = 6.6.
The most promising explanation for CR7 is an accreting
DCBH. By construction, they form in a metal-free halos and
may remain in metal-poor gas until z = 6.6. Under the opti-
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mistic condition of Jcrit = 100, we find that a small fraction
of systems can host DCBHs that are able to reproduce the
line luminosities of CR7 without violating the upper limit
of the metal line luminosities. Our findings are supported
by other observational constraints. Only an accreting BH
can account for the spatial extension of the Lyα emitting re-
gion and for the velocity offset between the Lyα and Heii line
peaks, because this velocity offset requires a source lifetime
of > 10Myr (Smith et al. 2016). A stellar source in CR7
would however require a recent burst of . 1Myr, and a
very low metallicity of < 10−7 to account for the large EW
of Heii (Schaerer 2003; Raiter et al. 2010). We note that we
are not able to confirm, if an accreting BH is able to produce
the EW of Heii , which is an important question to address
in the future.
There are other observations that might help to better
understand the nature of CR7 and distinguish between the
different formation scenarios. The dwarf galaxy I ZW 18 at a
distance of 18Mpc also shows strong Heii emission and has
a very low metallicity (Kehrig et al. 2015, 2016). It might
host either metal-free or Wolf-Rayet stars, which could ac-
count for these observational features. Smaller halos, such as
I ZW 18, might remain unpolluted by their progenitors down
to lower redshift and e.g. photoionisation heating might pre-
vent star formation for a long time (Visbal et al. 2016). The
study of the assembly history of such systems might reveal
interesting new insights that can help to understand more
massive low-metallicity counterparts at higher redshift.
Another observational signature of whether CR7 hosts
a BH or a Pop III stellar population is the X-ray flux. The
expected luminosity from X-ray binaries is Lx ≈ 10
40 erg s−1
for a SFR of 1M⊙ yr
−1 (Glover & Brand 2003; Grimm et al.
2003; Mineo et al. 2012), which is at least two orders of mag-
nitude lower than the emission from a BH of ∼ 106M⊙.
CR7 was not detected as a point source in the Chandra
COSMOS Survey. Therefore its X-ray luminosity in the en-
ergy range 0.2− 10 keV is less than 1044 erg s−1 (Elvis et al.
2009). For a BH with a mass of 106M⊙, accreting at 40%
of the Eddington rate, and a bolometric correction based
on Marconi et al. (2004) we find Lx . 2 × 10
42 erg s−1 in
the observer rest frame 0.2 − 10 keV band. This translates
into a flux of Fx . 8.2× 10
−18 erg cm−2 s−1 or ∼ 1.4× 10−7
counts per second with Chandra in the 0.2 − 10 keV band.
Hence, integration times of several years might be required,
which seems infeasible until the next generation of X-ray
telescopes, such as Athena (Nandra et al. 2013), could ap-
proach this problem with a significantly higher effective col-
lecting area. Alternatively, if many more DCBH candidates
similar to CR7 are found, one could stack deep X-ray obser-
vations of these objects and attempt to detect their X-ray
emission using the stacked image. In this case, a successful
detection would imply that some significant fraction of the
candidates are indeed DCBHs, although it would not allow
us to say with certainty that any particular candidate is a
DCBH. With this method, however, there is no X-ray de-
tected in the stack of Lyα emitters in the Chandra COSMOS
Legacy survey (Civano et al. 2016), down to a total depth of
1.38Ms corresponding to a luminosity of 1043 erg s−1 (at the
redshift of the sources) in the 0.5−2 keV band (Civano, pri-
vate communication). Another method to identify DCBHs
was recently proposed by Pacucci et al. (2016). They iden-
tify two objects with a robust X-ray detection found in the
CANDELS/GOODS-S survey with a steep spectral slope
in the infrared and an extremely red spectra. They argue,
based on their assumptions, that this can be explained by ei-
ther a DCBH or an atypically high SFR of > 1000M⊙ yr
−1.
Another explanation of this spectra could be a dusty AGN
without the constraint of being a DCBH.
More crucially, validation of the general scenario of a
low metallicity in CR7 requires further deep spectroscopy
to estimate the level of metallicity and the source of the
hard spectrum in CR7. The focus should hence be to obtain
deeper spectra from UV to near-IR to improve the limits
on the metal line emission and to further constrain the dif-
ferent formation histories. Beyond current instruments, such
as MOSFIRE and X-SHOOTER, NIRSpec on JWST will be
the ideal instrument to probe sources such as CR7, which
provide a tantalizing preview into the initial episodes of star
and BH formation, which will fully be elucidated in the near
future with an array of next-generation observational facili-
ties.
Acknowledgements
The authors would like to thank Julia Gutkin, Aida Wofford,
Anna Feltre, Dan Stark, Jorryt Matthee, Me´lanie Habouzit,
Andrea Negri, Carolina Kehrig, and Francesca Civano for
valuable discussions and helpful contributions. The authors
acknowledge funding from the European Research Coun-
cil under the European Community’s Seventh Framework
Programme (FP7/2007-2013) via the ERC Grant ‘BLACK’
under the project number 614199 (TH, MV) and via the
ERC Advanced Grant ‘STARLIGHT: Formation of the First
Stars’ under the project number 339177 (MM, DJW, RSK,
SCOG, EWP). SCOG, RSK, and EWP acknowledge sup-
port from the DFG via SFB 881, ‘The Milky Way System’
(sub-projects B1, B2 and B8) and from SPP 1573 ‘Physics
of the Interstellar Medium’. MAL has received funding from
the European Union’s Horizon 2020 research and innova-
tion programme under the Marie Sklodowska-Curie grant
agreement No. 656428. VB was supported by NSF grant
AST-1413501.
REFERENCES
Abel T., Haehnelt M. G., 1999, ApJ, 520, L13
Abel T., Wise J. H., Bryan G. L., 2007, ApJ, 659, L87
Agarwal B., Dalla Vecchia C., Johnson J. L., Khochfar S.,
Paardekooper J.-P., 2014, MNRAS, 443, 648
Agarwal B., Johnson J. L., Zackrisson E., Labbe I., van den
Bosch F. C., Natarajan P., Khochfar S., 2016a, MNRAS,
460, 4003
Agarwal B., Khochfar S., 2015, MNRAS, 446, 160
Agarwal B., Khochfar S., Johnson J. L., Neistein E., Dalla
Vecchia C., Livio M., 2012, MNRAS, 425, 2854
Agarwal B., Smith B., Glover S., Natarajan P., Khochfar
S., 2016b, MNRAS, 459, 4209
Alvarez M. A., Bromm V., Shapiro P. R., 2006, ApJ, 639,
621
Alvarez M. A., Wise J. H., Abel T., 2009, ApJ, 701, L133
Barton E. J., Geller M. J., Kenyon S. J., 2000, ApJ, 530,
660
c© 2016 RAS, MNRAS 000, 1–21
Exploring the nature of CR7 19
Begelman M. C., Volonteri M., Rees M. J., 2006, MNRAS,
370, 289
Behroozi P. S., Silk J., 2015, ApJ, 799, 32
Behroozi P. S., Wechsler R. H., Conroy C., 2013, ApJ, 770,
57
Bond J. R., Cole S., Efstathiou G., Kaiser N., 1991, ApJ,
379, 440
Bouwens R. J., Illingworth G. D., Labbe I., Oesch P. A.,
Trenti M., Carollo C. M., van Dokkum P. G., Franx M.,
Stiavelli M., Gonza´lez V., Magee D., Bradley L., 2011,
Nature, 469, 504
Bowler R. A. A., Dunlop J. S., McLure R. J., McCracken
H. J., Milvang-Jensen B., Furusawa H., Fynbo J. P. U.,
Le Fe`vre O., Holt J., Ideue Y., Ihara Y., Rogers A. B.,
Taniguchi Y., 2012, MNRAS, 426, 2772
Boylan-Kolchin M., Ma C.-P., Quataert E., 2008, MNRAS,
383, 93
Brinchmann J., Pettini M., Charlot S., 2008, MNRAS, 385,
769
Bromm V., 2013, Rep. Prog. Phys., 76, 112901
Bromm V., Ferrara A., Coppi P. S., Larson R. B., 2001a,
MNRAS, 328, 969
Bromm V., Kudritzki R. P., Loeb A., 2001b, ApJ, 552, 464
Bromm V., Loeb A., 2003, ApJ, 596, 34
Bromm V., Yoshida N., 2011, ARA&A, 49, 373
Cen R., Riquelme M. A., 2008, ApJ, 674, 644
Civano F., Marchesi S., Comastri A., Urry M. C., Elvis M.,
Cappelluti N., Puccetti S., et al., 2016, ApJ, 819, 62
Clark P. C., Glover S. C. O., Klessen R. S., Bromm V.,
2011, ApJ, 727, 110
Cojazzi P., Bressan A., Lucchin F., Pantano O., Chavez
M., 2000, MNRAS, 315, L51
Cole S., Lacey C. G., Baugh C. M., Frenk C. S., 2000,
MNRAS, 319, 168
Cox T. J., Jonsson P., Somerville R. S., Primack J. R.,
Dekel A., 2008, MNRAS, 384, 386
de Mink S. E., Langer N., Izzard R. G., Sana H., de Koter
A., 2013, ApJ, 764, 166
Devecchi B., Volonteri M., 2009, ApJ, 694, 302
Dijkstra M., Ferrara A., Mesinger A., 2014, MNRAS, 442,
2036
Dijkstra M., Gronke M., Sobral D., 2016, ApJ, 823, 74
Dijkstra M., Haiman Z., Spaans M., 2006, ApJ, 649, 14
Dijkstra M., Lidz A., Wyithe J. S. B., 2007, MNRAS, 377,
1175
Dijkstra M., Wyithe J. S. B., 2010, MNRAS, 408, 352
Dopcke G., Glover S. C. O., Clark P. C., Klessen R. S.,
2013, ApJ, 766, 103
Ekstro¨m S., Meynet G., Chiappini C., Hirschi R., Maeder
A., 2008, A&A, 489, 685
Ellis R. S., McLure R. J., Dunlop J. S., Robertson B. E.,
Ono Y., Schenker M. A., Koekemoer A., Bowler R. A. A.,
Ouchi M., Rogers A. B., Curtis-Lake E., Schneider E.,
Charlot S., Stark D. P., Furlanetto S. R., Cirasuolo M.,
2013, ApJ, 763, L7
Elvis M., Civano F., Vignali C., Puccetti S., Fiore F., et
al. 2009, ApJS, 184, 158
Fan X. et al., 2006, AJ, 131, 1203
Feltre A., Charlot S., Gutkin J., 2016, MNRAS, 456, 3354
Ferland G. J., Porter R. L., van Hoof P. A. M., Williams
R. J. R., Abel N. P., Lykins M. L., Shaw G., HenneyW. J.,
Stancil P. C., 2013, Rev. Mex. Astron. Astrofis., 49, 137
Ferrara A., Salvadori S., Yue B., Schleicher D., 2014, MN-
RAS, 443, 2410
Finkelstein S. L., Papovich C., Dickinson M., Song M.,
Tilvi V., et al. 2013, Nature, 502, 524
Finkelstein S. L., Papovich C., Ryan R. E., Pawlik A. H.,
Dickinson M., Ferguson H. C., Finlator K., Koekemoer
A. M., Giavalisco M., Cooray A., Dunlop J. S., Faber
S. M., Grogin N. A., Kocevski D. D., Newman J. A., 2012,
ApJ, 758, 93
Frebel A., Johnson J. L., Bromm V., 2007, MNRAS, 380,
L40
Fumagalli M., O’Meara J. M., Prochaska J. X., 2011, Sci-
ence, 334, 1245
Glover S., 2013, in Wiklind T., Mobasher B., Bromm V.,
eds, Astrophysics and Space Science Library Vol. 396 of
Astrophysics and Space Science Library, The First Stars.
p. 103
Glover S. C. O., 2015a, MNRAS, 451, 2082
Glover S. C. O., 2015b, MNRAS, 453, 2901
Glover S. C. O., Brand P. W. J. L., 2003, MNRAS, 340,
210
Greif T. H., 2015, Comput. Astrophys. Cosmol., 2, 3
Greif T. H., Springel V., White S. D. M., Glover S. C. O.,
Clark P. C., Smith R. J., Klessen R. S., Bromm V., 2011,
ApJ, 737, 75
Grimm H.-J., Gilfanov M., Sunyaev R., 2003, MNRAS, 339,
793
Gutkin J., Charlot S., Bruzual G., 2016, arXiv:1607.06086
Habouzit M., Volonteri M., Latif M., Nishimichi T., Peirani
S., Dubois Y., Mamon G. A., Silk J., Chevallard J., 2016,
MNRAS, 456, 1901
Haiman Z., 2013, in Wiklind T., Mobasher B., Bromm V.,
eds, Astrophysics and Space Science Library Vol. 396 of
Astrophysics and Space Science Library, The Formation
of the First Massive Black Holes. p. 293
Haiman Z., Loeb A., 2001, ApJ, 552, 459
Hartwig T., Bromm V., Klessen R. S., Glover S. C. O.,
2015b, MNRAS, 447, 3892
Hartwig T., Clark P. C., Glover S. C. O., Klessen R. S.,
Sasaki M., 2015a, ApJ, 799, 114
Hartwig T., Glover S. C. O., Klessen R. S., Latif M. A.,
Volonteri M., 2015c, MNRAS, 452, 1233
Heger A., Woosley S. E., 2010, ApJ, 724, 341
Hirano S., Hosokawa T., Yoshida N., Umeda H., Omukai
K., Chiaki G., Yorke H. W., 2014, ApJ, 781, 60
Hosokawa T., Hirano S., Kuiper R., Yorke H. W., Omukai
K., Yoshida N., 2016, ApJ, 824, 119
Hummel J. A., Pawlik A. H., Milosavljevic´ M., Bromm V.,
2012, ApJ, 755, 72
Ilbert O., McCracken H. J., Le Fe`vre O., Capak P., Dunlop
J., Karim A., et al., 2013, A&A, 556, A55
Inayoshi K., Tanaka T. L., 2015, MNRAS, 450, 4350
Jeon M., Pawlik A. H., Bromm V., Milosavljevic´ M., 2014,
MNRAS, 440, 3778
Jeon M., Pawlik A. H., Greif T. H., Glover S. C. O., Bromm
V., Milosavljevic´ M., Klessen R. S., 2012, ApJ, 754, 34
Johnson J. L., Greif T. H., Bromm V., 2007, ApJ, 665, 85
Johnson J. L., Greif T. H., Bromm V., Klessen R. S., Ip-
polito J., 2009, MNRAS, 399, 37
Karlsson T., Bromm V., Bland-Hawthorn J., 2013, Rev.
Mod. Phys., 85, 809
Kehrig C., Vı´lchez J. M., Pe´rez-Montero E., Iglesias-
c© 2016 RAS, MNRAS 000, 1–21
20 T. Hartwig et al.
Pa´ramo J., Brinchmann J., Kunth D., Durret F., Bayo
F. M., 2015, ApJ, 801, L28
Kehrig C., Vı´lchez J. M., Pe´rez-Montero E., Iglesias-
Pa´ramo J., Herna´ndez-Ferna´ndez J. D., Duarte Puertas
S., Brinchmann J., Durret F., Kunth D., 2016, MNRAS,
459, 2992
Kitayama T., Yoshida N., Susa H., Umemura M., 2004,
ApJ, 613, 631
Lacey C., Cole S., 1993, MNRAS, 262, 627
Lambas D. G., Tissera P. B., Alonso M. S., Coldwell G.,
2003, MNRAS, 346, 1189
Latif M. A., Bovino S., Grassi T., Schleicher D. R. G.,
Spaans M., 2015, MNRAS, 446, 3163
Latif M. A., Bovino S., Van Borm C., Grassi T., Schleicher
D. R. G., Spaans M., 2014, MNRAS, 443, 1979
Latif M. A., Omukai K., Habouzit M., Schleicher D. R. G.,
Volonteri M., 2016, ApJ, 823, 40
Latif M. A., Schleicher D. R. G., Schmidt W., Niemeyer
J. C., 2013a, MNRAS, 433, 1607
Latif M. A., Schleicher D. R. G., Schmidt W., Niemeyer
J. C., 2013b, MNRAS, 436, 2989
Latif M. A., Schleicher D. R. G., Spaans M., Zaroubi S.,
2011b, MNRAS, 413, L33
Latif M. A., Volonteri M., 2015, MNRAS, 452, 1026
Latif M. A., Zaroubi S., Spaans M., 2011a, MNRAS, 411,
1659
Laursen P., Sommer-Larsen J., Andersen A. C., 2009, ApJ,
704, 1640
Loeb A., Rasio F. A., 1994, ApJ, 432, 52
Lupi A., Colpi M., Devecchi B., Galanti G., Volonteri M.,
2014, MNRAS, 442, 3616
Lupi A., Haardt F., Dotti M., Fiacconi D., Mayer L.,
Madau P., 2016, MNRAS, 456, 2993
Mac Low M.-M., Ferrara A., 1999, ApJ, 513, 142
Machacek M. E., Bryan G. L., Abel T., 2001, ApJ, 548,
509
Madau P., Haardt F., 2015, ApJ, 813, L8
Madau P., Rees M. J., 2001, ApJ, 551, L27
Magg M., Hartwig T., Glover S. C. O., Klessen R. S.,
Whalen D. J., 2016, arXiv:1606.06294
Malhotra S., Rhoads J. E., 2002, ApJ, 565, L71
Marconi A., Risaliti G., Gilli R., Hunt L. K., Maiolino R.,
Salvati M., 2004, MNRAS, 351, 169
Matthee J., Sobral D., Oteo I., Best P., Smail I., Ro¨ttgering
H., Paulino-Afonso A., 2016, MNRAS, 458, 449
Matthee J., Sobral D., Santos S., Ro¨ttgering H., Darvish
B., Mobasher B., 2015, MNRAS, 451, 4919
McLeod D. J., McLure R. J., Dunlop J. S., 2016, MNRAS,
459, 3812
McLeod D. J., McLure R. J., Dunlop J. S., Robertson B. E.,
Ellis R. S., Targett T. A., 2015, MNRAS, 450, 3032
Milosavljevic´ M., Bromm V., Couch S. M., Oh S. P., 2009b,
ApJ, 698, 766
Milosavljevic´ M., Couch S. M., Bromm V., 2009a, ApJ,
696, L146
Mineo S., Gilfanov M., Sunyaev R., 2012, MNRAS, 419,
2095
Mortlock D. J., Warren S. J., Venemans B. P., Patel M.,
Hewett P. C., McMahon R. G., Simpson C., Theuns T.,
Gonza´les-Solares E. A., Adamson A., Dye S., Hambly
N. C., Hirst P., Irwin M. J., Kuiper E., Lawrence A.,
Ro¨ttgering H. J. A., 2011, Nature, 474, 616
Nagao T., Maiolino R., Marconi A., 2006, A&A, 447, 863
Nandra K., Barret D., Barcons X., Fabian A., den Herder
J.-W., Piro L., Watson M., Adami C., Aird J., Afonso
J. M., et al. 2013, arXiv:1306.2307
Oesch P. A., Brammer G., van Dokkum P. G., Illingworth
G. D., Bouwens R. J., Labbe´ I., Franx M., Momcheva I.,
Ashby M. L. N., Fazio G. G., Gonzalez V., Holden B.,
Magee D., Skelton R. E., Smit R., Spitler L. R., Trenti
M., Willner S. P., 2016, ApJ, 819, 129
Oesch P. A., van Dokkum P. G., Illingworth G. D., Bouwens
R. J., Momcheva I., Holden B., Roberts-Borsani G. W.,
Smit R., Franx M., Labbe´ I., Gonza´lez V., Magee D., 2015,
ApJ, 804, L30
Oh S. P., Haiman Z., Rees M. J., 2001, ApJ, 553, 73
Ono Y., Ouchi M., Mobasher B., Dickinson M., Penner K.,
Shimasaku K., Weiner B. J., Kartaltepe J. S., Nakajima
K., Nayyeri H., Stern D., Kashikawa N., Spinrad H., 2012,
ApJ, 744, 83
Ouchi M., Ellis R., Ono Y., Nakanishi K., Kohno K., et al.,
2013, ApJ, 778, 102
Ouchi M., Ono Y., Egami E., Saito T., Oguri M., et al.,
2009, ApJ, 696, 1164
Ouchi M., Shimasaku K., Akiyama M., Simpson C., Saito
T., Ueda Y., Furusawa H., Sekiguchi K., Yamada T., Ko-
dama T., Kashikawa N., Okamura S., Iye M., Takata T.,
Yoshida M., Yoshida M., 2008, ApJS, 176, 301
Ouchi M., Shimasaku K., Furusawa H., Saito T., Yoshida
M., Akiyama M., Ono Y., Yamada T., Ota K., Kashikawa
N., Iye M., Kodama T., Okamura S., Simpson C., Yoshida
M., 2010, ApJ, 723, 869
Paardekooper J.-P., Khochfar S., Dalla Vecchia C., 2013,
MNRAS, 429, L94
Pacucci F., Ferrara A., 2015, MNRAS, 448, 104
Pacucci F., Ferrara A., Grazian A., Fiore F., Giallongo E.,
Puccetti S., 2016, MNRAS, 459, 1432
Pacucci F., Ferrara A., Volonteri M., Dubus G., 2015, MN-
RAS, 454, 3771
Pallottini A., Ferrara A., Gallerani S., Salvadori S.,
D’Odorico V., 2014, MNRAS, 440, 2498
Pallottini A., Ferrara A., Pacucci F., Gallerani S., Salvadori
S., Schneider R., Schaerer D., Sobral D., Matthee J., 2015,
MNRAS, 453, 2465
Park K., Ricotti M., 2011, ApJ, 739, 2
Park K., Ricotti M., 2012, ApJ, 747, 9
Park K., Ricotti M., 2013, ApJ, 767, 163
Parkinson H., Cole S., Helly J., 2008, MNRAS, 383, 557
Pawlik A. H., Schaye J., van Scherpenzeel E., 2009, MN-
RAS, 394, 1812
Pentericci L., Vanzella E., Fontana A., Castellano M., Treu
T., et al. 2014, ApJ, 793, 113
Planck Collaboration 2014, A&A, 571, A16
Planck Collaboration 2015, arXiv:1502.01589
Portegies Zwart S. F., Baumgardt H., Hut P., Makino J.,
McMillan S. L. W., 2004, Nature, 428, 724
Press W. H., Schechter P., 1974, ApJ, 187, 425
Raiter A., Schaerer D., Fosbury R. A. E., 2010, A&A, 523,
A64
Richardson C. T., Allen J. T., Baldwin J. A., Hewett P. C.,
Ferland G. J., 2014, MNRAS, 437, 2376
Ritter J. S., Sluder A., Safranek-Shrader C., Milosavljevic´
M., Bromm V., 2015, MNRAS, 451, 1190
Safranek-Shrader C., Milosavljevic´ M., Bromm V., 2014,
c© 2016 RAS, MNRAS 000, 1–21
Exploring the nature of CR7 21
MNRAS, 438, 1669
Sanders D. B., Mirabel I. F., 1996, ARA&A, 34, 749
Schaerer D., 2002, A&A, 382, 28
Schaerer D., 2003, A&A, 397, 527
Schauer A. T. P., Whalen D. J., Glover S. C. O., Klessen
R. S., 2015, MNRAS, 454, 2441
Schneider R., Ferrara A., Natarajan P., Omukai K., 2002,
ApJ, 571, 30
Schneider R., Omukai K., Bianchi S., Valiante R., 2012,
MNRAS, 419, 1566
Shang C., Bryan G. L., Haiman Z., 2010, MNRAS, 402,
1249
Shields J. C., Ferland G. J., 1993, ApJ, 402, 425
Shlosman I., Choi J.-H., Begelman M. C., Nagamine K.,
2016, MNRAS, 456, 500
Smidt J., Wiggins B. K., Johnson J. L., 2016,
arXiv:1603.00888
Smith A., Bromm V., Loeb A., 2016, MNRAS, 460, 3143
Smith A., Safranek-Shrader C., Bromm V., Milosavljevic´
M., 2015a, MNRAS, 449, 4336
Smith B. D., Wise J. H., O’Shea B. W., Norman M. L.,
Khochfar S., 2015b, MNRAS, 452, 2822
Smith B. J., Struck C., Hancock M., Appleton P. N., Char-
mandaris V., Reach W. T., 2007, AJ, 133, 791
Sobral D., Matthee J., Darvish B., Schaerer D., Mobasher
B., Ro¨ttgering H. J. A., Santos S., Hemmati S., 2015, ApJ,
808, 139
Springel V., White S. D. M., Jenkins A., Frenk C. S.,
Yoshida N., Gao L., Navarro J., Thacker R., Croton D.,
Helly J., Peacock J. A., Cole S., Thomas P., Couchman
H., Evrard A., Colberg J., Pearce F., 2005, Nature, 435,
629
Stacy A., Bromm V., Lee A. T., 2016, arXiv:1603.09475
Stacy A., Greif T. H., Bromm V., 2012, MNRAS, 422, 290
Stark D. P., Walth G., Charlot S., Cle´ment B., Feltre A.,
Gutkin J., Richard J., Mainali R., Robertson B., Siana
B., Tang M., Schenker M., 2015, MNRAS, 454, 1393
Sugimura K., Omukai K., Inoue A. K., 2014, MNRAS, 445,
544
Susa H., Hasegawa K., Tominaga N., 2014, ApJ, 792, 32
Taffoni G., Mayer L., Colpi M., Governato F., 2003, MN-
RAS, 341, 434
Tanaka T., Haiman Z., 2009, ApJ, 696, 1798
Trebitsch M., Blaizot J., Rosdahl J., 2015,
arXiv:1510.06949
Tumlinson J., Shull J. M., 2000, ApJ, 528, L65
Van Wassenhove S., Capelo P. R., Volonteri M., Dotti M.,
Bellovary J. M., Mayer L., Governato F., 2014, MNRAS,
439, 474
Vanzella E., Pentericci L., Fontana A., Grazian A., Castel-
lano M., Boutsia K., Cristiani S., Dickinson M., Gallozzi
S., Giallongo E., Giavalisco M., Maiolino R., Moorwood
A., Paris D., Santini P., 2011, ApJ, 730, L35
Venemans B., 2015, Nature, 518, 490
Visbal E., Haiman Z., Bryan G. L., 2015, MNRAS, 453,
4456
Visbal E., Haiman Z., Bryan G. L., 2016, MNRAS, 460,
L59
Visbal E., Haiman Z., Terrazas B., Bryan G. L., Barkana
R., 2014, MNRAS, 445, 107
Volonteri M., 2010, A&AR, 18, 279
Volonteri M., Gnedin N. Y., 2009, ApJ, 703, 2113
Volonteri M., Haardt F., Madau P., 2003, ApJ, 582, 559
Whalen D., Abel T., Norman M. L., 2004, ApJ, 610, 14
Whalen D. J., Fryer C. L., 2012, ApJ, 756, L19
Wise J. H., Demchenko V. G., Halicek M. T., Norman
M. L., Turk M. J., Abel T., Smith B. D., 2014, MNRAS,
442, 2560
Wu X.-B., Wang F., Fan X., Yi W., Zuo W., Bian F., Jiang
L., McGreer I. D., Wang R., Yang J., Yang Q., Thompson
D., Beletsky Y., 2015, Nature, 518, 512
Xu H., Norman M. L., O’Shea B. W., Wise J. H., 2016a,
ApJ, 823, 140
Xu H., Wise J. H., Norman M. L., Ahn K., O’Shea B. W.,
2016b, arXiv:1604.07842
Yajima H., Li Y., Zhu Q., Abel T., Gronwall C., Ciardullo
R., 2014, MNRAS, 440, 776
Yoshida N., Abel T., Hernquist L., Sugiyama N., 2003,
ApJ, 592, 645
Zabl J., Norgaard-Nielsen H. U., Fynbo J. P. U., Laursen
P., Ouchi M., Kjaergaard P., 2015, MNRAS, 451, 2050
Zheng Z., Cen R., Trac H., Miralda-Escude´ J., 2010, ApJ,
716, 574
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
c© 2016 RAS, MNRAS 000, 1–21
